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SYNOPSIS 

Tritium (
3
H or T) is a radioactive isotope of hydrogen and is a component of fuel for fusion 

reactor. The safe storage, transport and delivery of tritium demand a suitable solid state 

storage medium. Uranium is conventionally used for this purpose due to many favorable 

properties. However, development of alternate tritium storage materials is a mainstream of 

research today among the fusion science community. The intermetallic compound ZrCo has 

been investigated largely as a suitable candidate material for storage, supply and recovery of 

hydrogen isotopes in various tritium handling facilities like International Thermonuclear 

Experimental Reactor (ITER) because of its non-radioactive nature, non-pyrophoricity at 

room temperature and tritium storage properties similar to uranium. ZrCo has a favorable 

hydrogen isotope (X = 
1
H, 

2
H or 

3
H) absorption capacity (X/ZrCo up to 3) with maximum 

stoichiometry of ZrCoX3. However, ZrCo is prone to hydrogen induced disproportionation 

upon repeated hydriding-dehydriding cycles. Disproportionation reaction forms a more stable 

hydride ZrX2 and hydrogen non-absorptive metallic compound ZrCo2 which results in loss of  

its hydrogen isotope recovery and storage abilities.  

This has led to the onset of consolidated efforts to find a suitable ternary alloy for storage, 

supply and recovery of hydrogen isotopes. In the present thesis, a systematic approach has 

been applied to investigate the effect of ternary alloying on the hydrogen isotope storage 

properties of ZrCo alloy. Ternary alloys Zr1-xTixCo and ZrCo1-xMx (M= Ni and Fe) were 

prepared and characterized. The hydrogen isotope storage behavior of Zr-Co-M ternary alloys 

was systematically investigated by employing Sieverts' type volumetric apparatus. The 

thermodynamic parameters of the hydrogenation reactions and their corresponding isotopic 

effects were evaluated. Hydrogen induced disproportionation behavior of Zr-Co-M ternary 

alloys was investigated by hydrogen absorption-desorption cyclic life and isothermal studies. 
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The phenomenon of hydrogen induced disproportionation in different Zr-Co-M ternary alloys 

was further investigated by employing neutron powder diffraction (NPD) technique. The 

extensive work carried out in this thesis enable to identify a suitable ternary substituent for 

effective storage, supply and recovery of hydrogen isotopes in particular tritium. 

This thesis is divided into four chapters as outlined below. 

Chapter 1: Introduction; Chapter 2: Experimental methods; Chapter 3: Results and 

Discussion and Chapter 4: Summary and Conclusion 

A brief outline of each chapter is described below. 

 

Chapter 1: Introduction 

This chapter deals with the brief introduction about the energy demand and use of nuclear 

fusion as a source of energy. The properties of different hydrogen isotopes are presented and 

different methods of storage of hydrogen isotopes are discussed. Solid state storage of 

hydrogen isotopes and isotope effect on hydrogen storage properties of materials are 

presented. Thermodynamics of metal-hydrogen interaction is also explained. A brief overview 

about the materials for solid state storage of hydrogen isotopes is presented. Lastly the aim 

and scope of the present thesis is addressed.  

Solid state storage of tritium in the form of metal tritide is considered as the most safest 

method in fusion technology and hence is being adapted in International Thermonuclear 

Experimental Reactor (ITER) program [1]. Intermetallic compounds that have very low 

equilibrium pressure over tritides at room temperature and high dissociation pressure at 

moderate temperature, for recovery of absorbed gas with minimal permeation losses, are of 

prime importance for this application. In this context, uranium is extensively used for storage, 

supply and recovery of tritium. Despite favorable storage properties, uranium has the 

drawbacks of restrictive use due to its radioactive and pyrophoric nature [2]. For these 

reasons, there is a need for an alternate material development which can substitute the 
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uranium. In the search of alternate materials, as a substitute for uranium, substantial progress 

has been made in recent years such as development of uranium and zirconium based alloys 

[U-Ti, U-Zr, Zr-Co, Zr-Ni] which show improved properties over pure uranium metal. 

Among these, ZrCo alloy has been extensively investigated for its use in ITER program.  

The intermetallic compound ZrCo seems to be a suitable candidate material for storage, 

supply and recovery of hydrogen isotopes as it is non-radioactive and non-pyrophoric at room 

temperature and has similar tritium storage properties as that of uranium [3]. It is reported 

that ZrCo can absorb hydrogen at room temperature to form the hydride with a maximum 

stoichiometry of ZrCoX3 [3]. However, it has been reported [4] that upon repeated hydriding-

dehydriding cycles, the hydrogen storage capacity of ZrCo decreases, which is attributed to 

the following disproportionation reaction: 

2ZrCoXx→ ZrX2 + ZrCo2 + (x-1)X2        (1) 

The hydrogen induced disproportionation results in the formation of a hydrogen non-

absorbing ZrCo2 and a very stable ZrX2 hydride phases. Since, decomposition of ZrX2 

requires much higher temperature (> 973 K) than that of ZrCo-hydride, a significant amount 

of hydrogen gets trapped within the storage material. This results in reduction of hydrogen 

storage capacity of ZrCo, which is not desirable for its use in ITER SDS. Konishi et al. [5] 

have reported that the extent of disproportionation can be suppressed by decreasing the 

dehydriding temperature. However, decreasing the dehydriding temperature lowers the 

hydrogen equilibrium pressure of ZrCo-H2 system due to which the required delivery 

pressure of 100 kPa of hydrogen couldn‟t be achieved. Hence, the alternative choice is to 

thermodynamically stabilize the hydride phase (ZrCoX3) by suitable ternary alloying with 

another element (M) and maintaining the equilibrium pressure (pX2) closer to 100 kPa at 

lower temperature which in turn will reduce the extent of disproportionation reaction.  The 

suitable alloying element M will elevate the desorption equilibrium hydrogen pressure 

compared to the parent compound ZrCoX3 at a particular temperature. Then, it is possible to 
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deliver the required pressure of 100 kPa of hydrogen with reduced desorption temperature, 

thereby preventing the extent of disproportionation. 

Considering the above mentioned drawbacks of binary metallic hydrides, efforts have been 

made to improve the hydrogen storage behavior of ZrCo-H2 system by ternary alloying. 

Limited studies are reported in literature on the effect of ternary alloying on the hydrogen 

storage behavior of ZrCo based alloys [6, 7]. Hence, in the present study we have thoroughly 

investigated the effect of ternary elements on the hydrogen isotope storage behavior of ZrCo 

alloy by generating the hydrogen/deuterium desorption pressure-composition isotherms 

(PCIs) and studying their hydrogen induced disproportionation behavior. Further, structural 

studies are employed to explain the hydrogen induced disproportionation behavior of Zr-Co-

M ternary alloys. 

 

Chapter 2: Experimental  

This chapter deals with the experimental techniques employed in the present investigation. It 

describes preparation and characterization of materials, the principles of experimental 

methods used to investigate the hydrogen isotope storage properties of Zr-Co-M ternary 

alloys. 

Alloys of compositions ZrCo1-xNix (x = 0.0, 0.1, 0.2 and 0.3), ZrCo0.9Fe0.1 and Zr1-xTixCo (x 

= 0.1, 0.2 and 0.3) were prepared by arc-melting method and characterized by different 

techniques like XRD, SEM, EDS and Elemental mapping. Prior to hydrogen isotope storage 

behavior investigations, the alloy samples were activated by hydriding-dehydriding method.  

For this purpose, a Sievert‟s type volumetric apparatus was indigenously designed, developed 

and fabricated. The pressure-composition-temperature (PCT) measurements were carried out 

using a conventional Sievert‟s type volumetric apparatus (PCT Pro-2000, SETARAM 

Instrumentation, France). Hydrogen/deuterium desorption Pressure-Composition isotherms 

(PCIs) for all the systems were generated in the temperature range of 523-603 K with a step 
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of 20 K. Hydrogen absorption-desorption cyclic life studies on ZrCo1-xNix and ZrCo0.9Fe0.1 

alloys were carried out at 583 K and up to 50 cycles using the Sievert‟s type volumetric 

apparatus. These studies were not performed on the   Zr1-xTixCo alloys due to their higher 

desorption equilibrium pressure of hydrogen at 583 K. 

The isothermal disproportionation studies of all Zr-Co-M ternary alloys were carried out at 

750 K (maximum possible desorption temperature)  for 10 hrs under delivery conditions, 

above 1 bar over pressure of hydrogen. The Zr-Co-M hydrides before and after 

disproportionation studies were characterized by XRD to see the phase changes during the 

course of isothermal conditions.  

Neutron powder diffraction (NPD) patterns of  Zr-Co-M ternary alloy deuterides were 

recorded on a multi position sensitive detector (PSD)  based  neutron powder diffractometer 

(λ = 1.2443Å) at Dhruva reactor, Bhabha Atomic Researc Centre, Mumbai, India. The NPD 

patterns were analyzed using FULLPROF program [8] to investigate the effect of ternary 

alloying on the structural properties. 

 

Chapter 3: Results and Discussion 

This chapter deals with results and discussion part of the present investigation.  

The X-ray diffraction patterns of Zr-Co-M ternary alloys confirm the formation of single 

b.c.c. (CsCl type) phase (space group Pm-3m) similar to ZrCo. A trace amount of ZrCo2 

impurity phase is also present in all the alloys which is in line with the observation of Harris 

et al. [9] that a single phase of ZrCo is extremely difficult to prepare and is always 

accompanied by the formation of traces of ZrCo2 phase. Similarly, the XRD analysis of 

ternary alloy hydrides/deuterides revealed the formation of single orthorhombic phase (space 

group Cmcm) similar to ZrCoH3. Further, the lattice parameters and phase abundances of the 

alloys were calculated by Rietveld refinement of XRD data using the FULLPROF program 

[8]. The SEM images of alloys and the hydrides infer that the alloys exhibit a cleavage type 
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surface, whereas the hydride phases show a cleavage type fracture surface. The cracks 

generated in the hydride phase are attributed to the lattice expansion of alloy upon 

hydrogenation. The EDS microanalysis carried out at different morphological positions of the 

alloy reveals an average composition over the entire sample which is in accordance with the 

nominal composition of the alloys. The elemental mapping images of alloys reveal the 

homogeneous nature of the material. 

The hydrogen/deuterium desorption pressure-composition isotherms (PCIs) of ZrCo1-xNix-

H2/D2 (x = 0, 0.1, 0.2 and 0.3), ZrCo0.9Fe0.1-H2/D2 and Zr1-xTixCo-H2/D2 (x = 0.1, 0.2 and 0.3) 

systems were generated in the temperature range of 524-603 K using Sievert's type 

volumetric apparatus. It is evident from PCIs that in the temperature range of investigation, a 

single desorption plateau is observed for all the isotherms and the plateau width found to 

decrease with increase in temperature. The reaction involved in de-hydrogenation/de-

deuteration of Zr-Co-M hydrides/deuterides which results in single desorption plateau for all 

the isotherms can be written as; 

2/3 ZrCoMX3 ↔ 2/3 ZrCoM + X2 (X = 
1
H, 

2
H or 

3
H)     (2) 

The temperature dependence of the equilibrium plateau pressure of hydrogen/deuterium was 

found to be best represented by the van‟t Hoff plot. A van't Hoff plot was constructed using 

the plateau pressure data and the thermodynamic parameters, like enthalpy and entropy 

change, for hydrogen/deuterium desorption reactions (at the average experimental 

temperature of 563 K) were calculated using the van't Hoff equation, given below. 

ln(P/P
o
) = -ΔrH/RT + ΔrS/R         (3) 

where, ΔrH and ΔrS are the enthalpy and entropy changes for the dehydrogenation/de-

deuteration reaction as mentioned above in Eq. (2). P
o
 is the standard pressure. 

For the practical application of these materials in hydrogen isotope handling facilities, it is 

essential to know the desorption temperature for the release of 100 kPa of hydrogen. From 

the van‟t Hoff relations, the hydrogen/deuterium desorption temperature (Tdes) for all the 
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alloys were calculated. It is evident that the Tdes decreases with increase in Ni or Ti content 

and increases with the addition of Fe. It can be seen from Eq. (3) that the hydrogen isotope 

effect on the equilibrium pressure of hydrogen/deuterium depends on the values of enthalpy 

and entropy changes for a particular reaction involved. In order to interpret the hydrogen 

isotope effect on the storage behavior of Zr-Co-M ternary alloys, the thermodynamic 

parameters obtained for hydrides were compared with those of deuterides. This comparison 

revealed that all ternary alloys show normal hydrogen isotope effect where the equilibrium 

pressure of D2 is higher than that of H2 at all experimental temperatures. Based on these 

observations, it is expected that at the operating conditions of hydrogen isotope handling 

facilities, the equilibrium pressure of tritium, deuterium and hydrogen will follow the order of 

p(T2) > p(D2) > p(H2) for all ternary alloys. 

It is evident from the absorption-desorption cyclic life studies on ZrCo1-xNix and ZrCo0.9Fe0.1 

alloys that the hydrogen absorption capacity (H/f.u.) at 583 K for ZrCo and ZrCo0.9Ni0.1 

alloys decrease substantially up to 10 repeated cycles after which it remains almost constant. 

For the alloys of compositions ZrCo0.8Ni0.2 and ZrCo0.7Ni0.3, the absorption capacity 

decreases slightly up to 3 repeated cycles after which there is small gradual decrease in H/f.u. 

up to 50 cycles. However, for ZrCo0.9Fe0.1 alloy the hydrogen absorption capacity (H/f.u.) at 

583 K decreases significantly up to 5th absorption-desorption cycle after which it remains 

almost constant. The XRD patterns of the hydride phases after 50
th

 cycles reveal that the 

hydrides of all the alloys form a small fraction of ZrCo2 and ZrH2 along with major ZrCoH3. 

Hence, it can be inferred that hydrogen absorption-desorption cycles results in 

disproportionation according to reaction (1). The crystallite sizes of hydrides before and after 

50
th

 cycle are calculated by using the Scherrer formula. It is observed that upon cycling the 

crystallite size decreases significantly for ZrCo and ZrCo0.9Ni0.1 and marginally for 

ZrCo0.9Fe0.1. On the other hand, the change in crystallite size before and after cyclic life 

studies is very small for ZrCo0.8Ni0.2 and ZrCo0.7Ni0.3 alloys. 
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In order to find the best suitable ternary alloy among the alloys stuided, it is required to 

perform the isothermal disproportionation studies under delivery conditions. The isothermal 

disproportionation behaior of ternary alloys, at 750 K for 10 hours under the over pressure of 

hydrogen above 1 bar, reveals that Ni and Fe catalyse the disproportionation reaction in its 

teranry alloys. The disproportion rate was found to be slower in Fe substituted alloy as 

compared to observed in Ni substituted alloys. It is evident that among all ternary alloys 

studied the Zr1-xTixCo (x=0.1, 0.2 and 0.3) alloys found to have higher durability against 

hydrogen induced disproportionation. 

In order to explain the hydrogen induced disproportionation behavior of Zr-Co-M ternary 

alloys, it is desirable to study the interstitial site occupancies of hydrogen via direct 

experimental technique like neutron powder diffraction (NPD). Owing to high incoherent 

scattering nature of hydrogen atom, it was not possible to perform the neutron powder 

diffraction experiments with hydrides. Therefore, the NPD experiments were carried out on 

ternary alloy deuterides. Rietveld refinement of neutron diffraction data was carried out by 

varying the background, occupancies and position of atoms. Since the structures of both 

ZrCoH3 and ZrNiH3 are same [10], this gives a clue that difference between hydrogen storage 

properties may be because of different hydrogen occupancy in these hydrides. The deuterium 

atoms are allowed to occupy 8f2 and 8e sites in addition to the earlier reported [10], 4c2 and 

8f1 sites. A significant reduction in χ
2
 was observed with addition of these extra sites for 

deuterium occupation. It was observed that among 8f2 and 8e sites the deuterium occupies 

only 8e sites. This observation is in agreement with the Switendick criterion [11], which also 

prohibits the simultaneous occupation of both 8f2 and 8e sites as the H-H distance between 

these two sites is too small (~1.3Å). It is evident that for ZrCoD3 the occupancy of 8e site is 

~3.8% which is in accord with the prediction of Bekris et al. [12]. Based on these 

observations, the crystal structure of ZrCoD3 with new deuterium site (8e) is proposed. 

Systematic investigations on all ternary alloy deuterides establish the effect of ternary 
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alloying on the occupancy of new 8e site and Zr-D distance. It is evident that Zr0.8Ti0.2Co has 

the lowest occupancy of new 8e site among the alloys studied.  

Considering the hydrogen isotope storage behavior, hydrogen induced disproportionation and 

structural studies on different Zr-Co-M (M = Ni, Fe and Ti) ternary alloys, it is proposed that 

the Zr0.8Ti0.2Co alloy is a suitable ternary alloy as a substitute for the conventionally used 

highly pyrophoric uranium bed for tritium storage applications. 

 

Chapter 4: Summary and Conclusion 

This chapter deals with the summary and conclusion arrived from the work carried out in the 

present investigation. 

The X-ray diffraction patterns of prepared alloys ZrCo, ZrCo1-xNix(x = 0.1, 0.2 and 0.3), 

ZrCo0.9Fe0.1 and Zr1-xTixCo (x = 0.1, 0.2 and 0.3) confirm the formation of b.c.c. phase 

similar to ZrCo, along with a small fraction of ZrCo2 as impurity phase. Hydrogen/deuterium 

desorption pressure-composition isotherms (PCIs) of all the alloys show a single desorption 

plateau. Investigation of thermodynamic parameters like enthalpy and entropy of 

hydrogen/deuterium desorption reactions in these alloys show normal hydrogen isotope effect 

wherein the equilibrium pressure of deuterium is higher than that of hydrogen at all 

experimental temperatures. Considering the PCT studies, hydrogen induced 

disproportionation studies and structural studies, it is proposed that among the alloys 

investigated, Zr0.8Ti0.2Co alloy is the best suitable non-pyrophoric and non-radioactive 

ternary alloy as a substitute for the conventionally used highly pyrophoric uranium bed for 

tritium storage applications. This alloy has potential for its use in ITER facility for storage, 

supply and recovery of hydrogen isotopes. 
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1 Introduction 

1.1 Energy demand-Fusion energy 

The primary goal of all type of energy transformations is to render the energy services to 

improve quality of life and productivity [1]. For this purpose, it is necessary to develop a 

sustainable energy economy as the demands for all forms of energy will continue to rise to 

meet expanding economies. The major increase in demand for energy is from developing 

countries like India, China, Brazil, where rapid urbanization is expected and hence large-

scale electricity generation will be required. 

Relying on fossil fuels  to meet the increasing energy demand  is impractical and impossible 

due to the depletion of fossil fuels resources. Even if resources are available, it will produce 

irreparable damage to the environment by emissions of greenhouse gases, through global 

warming [2]. Also, the conventional nuclear power production based on fission reactions is 

slated to grow to about 20% of the total by 2050 [3]. 

To meet the world‟s energy demand in coming decades, energy options for the future are 

being explored and investigated to control the global warming and reduce the dependence on  

the limited crude oil and other fossil fuels. Other available energy options like solar, wind 

and hydro energy have very low energy density. Also, geographical region specific nature of 

many of these renewable energy resources restricts their applications.  Hydrogen is also being 

actively evaluated as an alternative, portable and eco-friendly energy carrier for domestic and 

commercial/industrial applications [4].  

Alternate energy options are based on nuclear energy, which involves the nuclear reactions in 

which the reactant atom(s) lose their integrity. On rearrangement of their nuclei, they form 

new atom(s) which are more stable than the parent atom(s). Nuclear reactions are 

accompanied by a much greater release of energy in comparison to combustion of fossil fuels 

or other conventional energy resources. The nuclear energy can be acquired  either from 
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nuclear fission or nuclear fusion. Nuclear fission is promising, but high capital investment, 

radioactive waste management and public acceptance are the major factors to its continued 

application.  

Hence, energy from nuclear fusion, which can be viewed as an advance nuclear technology, 

is a potentially useful complement to other energy sources in meeting the increasing global 

energy demand in an environment friendly way as it has advantages with regard to safety and 

waste disposal [5]. Fusion will be available as a future energy option by the middle of this 

century, and will be able to acquire a significant role in providing a sustainable, secure and 

safe solution to tackle global energy needs [5]. 

Fusion is a form of nuclear energy and, as its name implies, is the process in which light 

nuclei are combined together to form heavier ones. In this process, there is a small mass 

difference between the initial and the final reaction products which gets converted into 

energy through Einstein‟s equation E=mc
2
, where c is the velocity of light and m is the 

amount of mass that “disappears” during the course of fusion reaction. The velocity of light 

being a very large number, it takes only a very small amount of mass conversion to produce a 

very large amount of energy. The brightest example of fusion reactions in nature is the Sun in 

which hydrogen nuclei, bound together by strong gravitational force and fuse in a chain of 

reactions to produce  helium. The amount of energy produced per unit mass is much higher 

for fusion reactions than that of any other mode of energy productions.  

For a fusion reaction to occur, the reacting nuclei need to have enough kinetic energy to 

overcome the repulsive electrostatic barrier (Coulomb barrier) between fusing nuclei.  
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Some of the fusion reactions of interest are as follows [6]; 

   D + T  → α + n   Q = 17.59 MeV  (1.1) 

   D + D  → T + p  Q = 4.04 MeV   (1.2) 

    → 
3
He + n  Q = 3.27 MeV   (1.3) 

    → α + γ  Q = 23.85 MeV  (1.4) 

   T + T  → α + 2n  Q = 11.33 MeV  (1.5) 

   D + 
3
He → α + p  Q = 18.35 MeV  (1.6) 

   3
He + 

3
He → α + 2p  Q = 12.86 MeV   (1.7) 

   p + 
6
Li → α + 

3
He  Q = 4.02 MeV   (1.8) 

   p + 
7
Li → 2α   Q = 17.35 MeV  (1.9) 

   p + 
11

B → 3α   Q = 8.68 MeV   (1.10) 

 

Probability of some fusion reactions with temperature is shown in Figure 1.1 [7].  

 

Figure 1.1: Plot of the fusion reactivity (average of cross-section times relative speed of 

reacting nuclei) vs. temperature for three common reactions [7]. 
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Overcoming the repulsive Coulomb force depends on the charge of nuclei and hence the 

fusion among elements of higher  charges occurs with  increasingly lower probability and 

requires  higher temperatures. For these reasons, fusion of deuterons with tritons has been the 

reaction of choice to date. 

It can be seen from Figure 1.1, that the fusion reaction rate increases rapidly with temperature 

until it maximizes and then gradually drops off. The D-T fusion rate peaks at a lower 

temperature (about 70 keV, or 800 million kelvins) and at a higher reactivity value than other 

reactions commonly considered for fusion energy. 

 

Figure 1.2: Schematic of D-T fusion reaction [5]. 

 

A deuterium and a tritium nuclei fuse to produce a helium nucleus and a neutron, Figure 1.2. 

The reaction produces 17.6 MeV of energy, out of which the helium nucleus carries 3.5 MeV 

and the neutron 14.1 MeV. In a plasma undergoing fusion, the reactions can be self sustained 

by utilizing the part of the kinetic energy of the resulting charged helium. For a self-

sustaining fusion reaction, the tritium and deuterium plasma must be heated to over 100 

million Kelvin, which requires powerful heating devices and minimal thermal loss. To sustain 

such a high temperature, the hot plasma is kept away from the walls of the reactor using 
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different confinement techniques. Confinement of plasma is achieved by creating a magnetic 

“cage” made by applying the strong magnetic fields. For energy production from fusion 

reaction, British physicist John D. Lawson demonstrated that the conditions for fusion 

reactions relied on three vital quantities: temperature (T), density (n) and confinement time 

(τ) [8]. According to John D. Lawson,  fusion reaction can occur only when a minimum 

temperature (called the ideal ignition temperature) is exceeded and also a trade-off exists 

between the required density (n) and confinement time (τ): higher density requires lower 

confinement time and vice versa. These requirements of temperature, T, and the product of 

density and time, nτ,  came to be known as “the Lawson criterion” and constituted a scientific 

“Holy Grail” for fusion researchers [9]. 

The promise of harvesting unlimited energy from low cost and safe fuels has led to numerous 

attempts to mimic the thermonuclear action of the sun and the stars, to harness the energy 

from nuclear fusion. Till date, none of the attempts to produce sustained, controlled nuclear 

fusion has been able to produce energy on a commercial scale. Although small scale 

demonstration of successful controlled fusion reactions verify the feasibility of power 

generation using nuclear fusion. The best demonstration of production of fusion power was 

achieved in 1997 by  Joint European Torus (JET) reactor at Culham in the UK, which 

produced a fusion power output of 16 MW from an input power of 24 MW (conversion gain 

Q=0.65) [10]. The NIF Laser Fusion reactor at the Lawrence Livermore National Laboratory 

(LLNL) in the USA first went live in June 2009 and up to now it is the only reactor to have 

exceeded breakeven performance. In 2013, it achieved a conversion gain of 1.4, but its output 

power is much lower than that of Tokamak and is still a long way from producing 

commercial power [11]. 
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1.2 International Thermonuclear Experimental Reactor (ITER) 

The scientific feasibility of fusion energy has been proven, but technical feasibility remains to 

be demonstrated in experimental facilities. The proposed International Thermonuclear 

Experimental Reactor (ITER) aims to demonstrate that fusion can be part of the solution to 

meet the global energy needs [12]. ITER, meaning "The Way" in Latin, is an experimental 

fusion reactor being constructed  at Cadarache, in south of France. ITER will be the first 

fusion device to produce net energy, maintaining fusion for long periods of time and to test 

the integrated technologies, materials, and physics regimes necessary for the commercial 

production of fusion-based electricity [12]. The ITER partners are presently the People's 

Republic of China, the European Union, India, Japan, the Republic of Korea, the Russian 

Federation and the United States of America. The overall programmatic objective of ITER, as 

defined in the ITER EDA Agreement, is “to demonstrate the scientific and technological 

feasibility of fusion energy for peaceful purposes” [13]. The ITER Tokamak cutaway is 

shown in Figure 1.3. The ITER has been designed specially to achieve the following 

objectives [12]; 

1. Produce 500 MW of fusion power from 50 MW of input power, means ten-fold return 

on energy (Q=10). 

2. Demonstrate the integrated operation of technologies for a fusion power plant. 

3. Achieve a deuterium-tritium plasma in which the reaction is sustained through 

internal heating. 

4. Test tritium breeding, means to demonstrate the feasibility of producing tritium within 

the vacuum vessel. 

5. Demonstrate the safety characteristics of a fusion device. 
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Figure 1.3:  ITER Tokamak Cutaway [13]. 

 

Fusion power plants are similar to other power plants like coal, oil, and gas-fired power 

stations as well as nuclear fission based power stations, except the use of fusion reactions to 

create heat, which is then used to operate a steam turbine, which drives generators to produce 

electricity. A schematic of proposed fusion power plant is shown in Figure 1.4. In the plasma 

confinement zone, Tokamak in ITER, the deuterium and tritium fuel will burn and the energy 

will be released in the form of kinetic energy of charged helium, neutrons and radiation. To 

sustain the fusion reaction it is required to supply deuterium and tritium to Tokamak. 

Deuterium is present in the natural water and can be extracted easily. However, the natural 

abundance of tritium is very less and hence in fusion power plants it is required to produce 

tritium in-situ. In the proposed fusion power plants the tritium will be produced in-situ by 
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irradiating the lithium blanket, with neutrons generated in the fusion reaction. These lithium 

blankets will be positioned in the area surrounding the plasma confinement zone. Thereby, 

the basic fuels for nuclear fusion power plants will be lithium and water, which are readily 

and widely available in nature. Most of the energy will be released as heat, which can be 

extracted and used to make steam and drive turbines, as in any conventional power plant [14]. 

 The production of net electrical power from fusion is planned for DEMO, the next 

generation reactor after ITER. DEMO will be a demonstrating device, bringing all 

technologies to the level of performance, reliability and efficiency required for a fusion 

reactor [12]. 

  

Figure 1.4: Schematic of proposed nuclear fusion power plant based on D-T fusion for 

electricity generation [15]. 
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1.3 Hydrogen and its isotopes 

Hydrogen is the most abundant element in the solar system, around 91% of all the atoms are 

hydrogen. It is the first element in the periodic table and has the simplest atomic structure 

among all the elements consisting of one proton and one neutron. There are three naturally 

occurring  isotopes of hydrogen;  

1. 
1
H (protium or H) consists of 1 proton and 1 electron. 

2. 
2
H (deuterium or D) consists of 1 proton, 1 neutron and 1 electron. 

3. 
3
H (tritium or T) consists of 1 proton, 2 neutrons and 1 electron. 

In nature H is the most abundance isotope and the abundance of other isotopes, D and T are 

0.0156 atom% and 1TU (1 atom per 10
18

 atoms of hydrogen), respectively [16, 17]. In earth's 

atmosphere tritium is produced by interaction of cosmic radiation with nitrogen and oxygen 

nuclei via 
14

N(n,T)
12

C and 
16

O(n,T)
14

N reactions, respectively [18]. Some other sources of 

tritium production are [17-20]: (i) Irradiation of lithium with neutrons in nuclear reactor via 

6
Li(n,α)T reaction, (ii) Interaction of neutrons with D present in the coolant/moderator via 

D(n,γ)T reaction and (iii) Ternary fission of heavy nuclei like 
235

U, 
238

U, 
239

Pu and 
241

Pu etc. 

in the nuclear fuel. 

All the isotopes of hydrogen form covalent molecules like H2, D2 and T2. In contrast to H and 

D, tritium is radioactive in nature. Tritium is the radionuclide with lowest beta decay energy 

and its decay reaction can be written as [17]; 

T → 
3
He

+
 + β

-
 + ῡ Q=18.6 keV       (1.11) 

where, β
- 
is a beta particle and ῡ is an antineutrino. The maximum energy of beta particle is 

18.6 keV and the average energy is 5.7 keV. The atomic properties of H, D, and T and the 

physical properties of H2, D2, and T2 are compared in Table 1.1 and 1.2, respectively. 

Radiation characteristic data of tritium are listed in Table 1.3. 
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Table 1.1: Atomic Properties of hydrogen, deuterium and tritium isotopes [16-18]. 

Properties H D T 

Relative atomic mass (a.m.u.) 1.007825 2.014102 3.016049 

Nuclear spin 1/2 1 ½ 

Nuclear magnetic moment (N) 2.79268 0.857386 2.9788 

Nuclear quadrupole moment (em
2
) 0 2.766∙10

-31
 0 

Incoherent neutron cross-section, 

σinc (barns) 

80.20 (± 0.06) 2.04 (± 0.3) 0.0 (+0.1, -0.8) 

Natural abundance (%) 99.984 0.0156 10
-16

 

 

 

Table 1.2: Physical properties of hydrogen isotope molecules [16-19]. 

Properties H2 D2 T2 

Molecular weight (g/mole) 2.015 4.028 6.032 

Triple point temperature (K) 13.804 18.69 20.62 

Boiling point (K) 20.39 23.67 25.04 

Heat of fusion (kJ/mole) 0.117 0.197 0.250 

Critical temperature (K) 33.19 38.35 40.6 

Heat of dissociation at 298 K 

(kJ/mole) 

435.88 443.35 446.9 

 

Zero-point energy (kJ/mole) 25.9 18.5 15.1 
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Table 1.3: Characteristic data of tritium [17, 20-22]. 

Atomic mass  3.01605 g 

Half-life t1/2 12.323 y (1y = 365.25 d) 

Decay constant, λ = ln2/t1/2 1.782 ∙ 10
-9

 s
-1

 

Maximum β energy 18.6 keV 

Mean β energy 5.69 keV 

Most probable β energy 3.0 keV 

Maximum range of β in air 4.5 - 6 mm 

Heat produced by tritium 0.324 W/g  1.954 W/mole T2, 33.7 W/Ci,  

Ionization energy: T → T
+
 + e

-
 13.595 eV 

Dissociation energy: T2 → 2T 4.591 eV 

Specific activity of tritium gas 9615 Ci/g, 58 kCi/mole T2,  

2.38Ci/cc @STP, 1ppm  2.6Ci/m
3
 

Specific activity of T2O 2633 Ci/g 

  

1.4 Storage methods for hydrogen isotopes 

A range of methods are available for storage of hydrogen isotopes. However, the choice 

depends on several factors like nature of application, amount to be stored, storage time, 

energy density needed, maintenance requirements and cost. Due to radioactive decay of 

tritium, storage of this isotope of hydrogen puts additional constraints on the storage material. 

The lattice of the storage material of tritium can develop serious defects due to interaction 

with beta particles and dispersion of alpha particles. Additionally, for long term storage there 

can be considerable pressure built up in the storage container due to in-situ production of 

helium.  
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Hydrogen storage methods can be broadly classified as [23]: 

1. Gaseous storage 

2. Liquid storage 

3. Solid storage 

1.4.1 Gaseous storage: High pressure gas cylinders 

The most common method to store hydrogen is as compressed gas. In this method, the 

hydrogen is typically compressed at high pressure and stored in gas cylinders or spherical 

containers. However, the gravimetric density of hydrogen in this method is very low due to 

higher weight of storage container itself [24]. Also, due to explosive interaction of hydrogen 

with air, there are safety issues with hydrogen storage at high pressure. Owing to the 

radioactive nature of tritium gas, it is not safe to store it above atmospheric pressure. 

1.4.2 Liquid storage 

Hydrogen can be liquefied and stored in cryogenic tanks at around 20 K and ambient 

pressure. Advantage of liquid hydrogen storage is high gravimetric density, whereas, the 

drawback is low volumetric density. Another drawback of liquid hydrogen is the high cost of 

liquefaction and the continuous loss of hydrogen due to “boil-off” [25]. This method is also 

not suitable for storage of radioactive tritium gas due to safety reasons. Safety issues due to 

accidental leakage of hydrogen from the container are even higher in this storage. Small, but 

continuous heating of the tanks results in build-up of gaseous hydrogen pressure in the tanks. 

1.4.3 Solid storage 

Storage of hydrogen isotopes (H, D and T) in the solid state is the safest and most 

advantageous method over other conventional methods like gaseous storage in high pressure 

gas cylinders and liquid storage in cryogenic tanks. Hydrogen and its isotopes can be stored 

in the solid state by combining it with a solid state material through physisorption [26], 

chemisorption [27] or by chemical reactions [24]. At elevated temperatures, hydrogen reacts 
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with many transition metals, f-block elements and their alloys to form hydrides. The nature of 

the chemical bond determines the thermodynamic stability of the hydride, the hydrogen 

stoichiometry of the material, and the mechanisms for hydrogen absorption and release. 

Metal hydrides have high volumetric hydrogen density as compared to gaseous and liquid 

storage. 

 

1.5 Solid state storage of hydrogen isotopes 

Many metals/alloys have the property of combining chemically with hydrogen to form a class 

of compounds called metal hydrides. For the metal/alloy to be used as solid state storage of 

hydrogen isotopes, it should satisfy certain requirements such as [4, 18, 20, 28]; 

1. High dissociation pressure at moderate temperatures, to allow quantitative recovery of 

the incorporated gas with minimal permeation losses.  

2. Facile reversibility of hydride formation and decomposition reactions. 

3. High hydrogen storage capacity 

4. Good hydrogen absorption-desorption cyclic life stability. 

5. Wide plateau regions in the absorption desorption pressure-composition isotherms 

(PCIs) for fast kinetics & low permanent tritium trapping. 

6. Minimal hysteresis in absorption-desorption pressure-composition isotherms (PCIs). 

7. The reactivity of the metal/hydrides/deuterides/tritides system towards air & 

contaminant gases in the fusion fuel cycle should be moderate. 

8. Products formed by reactions with these contaminants should not poison the surface 

and inhibit the uptake of hydrogen. 

9. Operation and maintenance cost of material should be affordable for the intended 

application.  
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10. Very low equilibrium pressures over the tritides at room temperature to contain the 

radioactivity within it. 

A combination of safety, technical and economical consideration will determine the 

suitability of any material for storage of hydrogen isotope. 

 

1.5.1 Theory of metal-hydrogen interaction 

The reaction between metal and hydrogen can be expressed as; 

Metal + Hydrogen ↔  Metal hydride + Heat     (1.12) 

or 

M(s) + y/2 X2(g)  ↔ MXy(s) + Q (X=
1
H, 

2
H or 

3
H)   (1.13)  

Where M is metal/alloy, MXy is metal hydride/deuteride/tritide and y is the ratio of hydrogen 

to metal/alloy denoted as H/M or H/f.u. (f.u.=formula unit of alloy). Q is the heat released 

during the course of forward reaction and heat absorbed during the backward reaction. The 

reaction of hydrogen with metal to form metal hydride is a complex reaction and it involves 

many processes. In a simplified way the metal-hydrogen interaction can be described by one-

dimensional potential energy curve (Lennard-Jones potential) [29], as shown in Figure 1.5. 

In the Lennard-Jones potential energy diagram (Figure 1.5), far from the metal surface the 

potential energy hydrogen molecule is lower than that of two hydrogen atoms. The difference 

is equal to the dissociation energy of hydrogen molecule, 436 kJ/mol H2 (Table 1.2). This 

potential energy diagram is plotted with reference to H2(g), therefore potential energy of 

H2(g) molecule is at zero potential. When hydrogen molecule moves towards the metal 

surface, at some point it starts feeling the weak attractive forces (Van der Waals forces) of 

range ~ 0 to -40 kJ/mole H2. This leads to physisorbed state of hydrogen, at around one 

molecular hydrogen radius distance (~ 0.2 nm) from the metal surface. If the molecule moves 

closer to the surface, the potential energy will increase due to repulsion. Hence, the hydrogen 

molecule has to overcome an activation barrier for dissociation of H-H bond and formation of 
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the metal-hydrogen bond. The height of the activation barrier depends on the surface 

elements involved. If intersection is located at approximately zero potential energy, 

dissociation is said to be activated. On the other hand, if intersection is at a potential energy 

larger than zero relative to gas phase H2, dissociation is said to be non-activated and the 

height determines the activation barrier. In this case, only the fraction of H2 molecules having 

the energy larger than the activation barrier will be able to dissociate. After dissociation, the 

hydrogen atoms find a potential energy minimum which corresponds to the H atoms being 

bonded to the metal surface (chemisorption). The nature of chemisorption depends on the 

relative bond strength of H-H and M-H bonds.  

 

 

Figure 1.5: Lennard-Jones potential energy diagram for chemisorptions of hydrogen in 

metals (Reprinted from [24], Copyright (2003), with permission from Elsevier). 

 

Chemisorption process is said to be exothermic if the H-M bond is stronger than the H-H 

bond and endothermic if the H-H bond is the stronger. After chemisorption, the hydrogen 
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atoms can penetrate the first metal atomic layer into the subsurface through an activated 

process from which it can diffuse into the bulk (as a solid solution) of the metal. If the 

potential energy of bulk H-atoms is below zero relative to gas phase H2, hydrogen solid 

solution is said to exothermic, if the potential energy of bulk H-atoms is above zero, 

hydrogen solid solution is said to be endothermic [24, 30, 31]. 

Therefore, the complete interaction of hydrogen gaseous molecule with metal/alloy resulting 

in absorption of hydrogen to form metal/alloy hydride is composed of the following 

processes as shown in Figure 1.6 [32]; 

1. Physisorption of hydrogen molecules; 

2. Dissociation of hydrogen molecules and chemisorption; 

3. Surface penetration of hydrogen atoms; 

4. Diffusion of hydrogen atoms through the hydride layer, either by an interstitial or a 

vacancy mechanism; 

5. Hydride formation at the metal/hydride interface 

For de-hydrogenation reaction, the process is the reverse i.e. hydride decomposition at the 

hydride/metal interface, diffusion of hydrogen atoms to the sub-surface, surface penetration, 

recombination of chemisorbed hydrogen atoms and physisorption and desorption to the gas 

phase [32]. 
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Figure 1.6:  Reaction steps for the (a) absorption and (b) desorption of hydrogen by a 

spherical metal/hydride powder particle (α-phase: Solid solution of hydrogen in metal 

β-phase: Hydride phase) (Reprinted from [32], Copyright (1996), with permission from 

Elsevier). 

 

1.5.2 Thermodynamics of Metal-Hydrogen system 

Thermodynamic properties of metal-hydrogen system is of great importance for its  selection 

as suitable hydrogen isotope storage material. The behavior of a metal-hydride system can be 

best represented by pressure-composition isotherms (PCIs). Collection of PCIs at different 

temperature is known as pressure-composition-temperature (PCT) diagram. A schematic of 

PCT diagram is shown in Figure 1.7 , it is a plot of pressure vs. composition at different 

temperatures. 
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At a particular temperature, when metal is exposed to hydrogen, initially the hydrogen 

concentration in metal increases with increase in pressure. This happens due to solubility of 

hydrogen in the metal lattice and this phase known as solid solution of hydrogen in metal, 

denoted by α-phase. When the maximum solubility of hydrogen in the α-phase is reached, 

interactions between hydrogen atoms become locally important and nucleation and growth of 

the hydride phase (β-phase) occurs [33]. Further increase in  the hydrogen pressure  results in 

substantial increase in hydrogen concentration in metal. In this region of PCIs, the α-phase 

and β-phase co-exist and the isotherms show a flat plateau. From the Gibbs phase rule [34], 

the degree of freedom (F) is; 

F = C - P + 2          (1.14) 

Where, C is the number of components and P is the number of phases. Therefore, in the two-

phase region the hydrogen concentration in the solid matrix increases, while the hydrogen 

pressure is constant. At same hydrogen pressure, with passage of time, more of -phase 

interacts with hydrogen to form -phase. When all the -phase disappears and pure β-phase 

present in the system, then the system has two degrees of freedom. Under this condition 

further increase in hydrogen concentration in solid matrix requires higher pressures of 

hydrogen gas. This corresponds to the solid solution of hydrogen in the non-stoichiometric β-

phase. Therefore, the whole PCI curve can be divided into three distinct regions; α-phase 

region with low hydrogen concentration, β-phase region with high hydrogen concentration 

and α + β phase region. With increase in temperature, hydrogen solubility range of α and β 

phases increases. Therefore, when such PCIs are plotted at different temperatures, the plateau 

region corresponding to two phase region starts decreasing with increase in temperature. The 

two-phase region ends in a critical point Tc, above which the transition from α- to β- phase is 

continuous. Therefore above the critical temperature the system will not show the plateau 
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region. Multiple plateau regions are possible for the metals and alloys forming the two or 

more hydride phases. 

The α + β phase region, also known as plateau region, is of great importance and gives 

valuable information about the hydrogen storage behavior of any material. Width of plateau 

is related to the reversible storage capacity of material in the two phases, and the value of 

plateau pressures at given temperature gives the idea about the stability of metal hydride. The 

plateau pressure or equilibrium pressure depends strongly on temperature and is related to the 

changes in enthalpy and entropy of the metal-hydrogen reaction. Stable hydrides require 

higher temperatures than less stable hydrides to reach a certain plateau pressure. 

 

 

Figure 1.7: Schematic of pressure-composition isotherms (PCIs) and van’t Hoff plot 

(Reprinted from [24], Copyright (2003), with permission from Elsevier). 

 

In general the PCIs of metal-hydrogen systems exhibit sloping plateau, rather than a flat and 

horizontal plateau. This phenomenon may be arising due to surface heterogeneities, 

impurities, particle size and stresses, which results in different equilibrium pressure of 

hydrogen for different parts of the substrate [28]. In many metal-hydrogen system, hysteresis 

has been observed, means plateau pressure of absorption PCI is higher than that of desorption 
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PCI as shown in Figure 1.8. Different theories based on defect [35], solvous behavior [36] 

etc. were reported in the literature to explain the phenomenon of hysteresis. However, the 

exact cause of hysteresis is not fully understood till date. 

 

Figure 1.8: Schematic diagram of hysteresis in a absorption-desorption PCI. 

 

Important thermodynamic parameters like changes in standard free energy (ΔrG
o
), enthalpy 

(ΔrH
o
) and entropy (ΔrS

o
) of metal-hydrogen reaction can be deduced from the plateau 

pressure data of the PCT diagram, using the following equations: 

ΔrG = ΔrG
o
 + RT lnKP         (1.15) 

For bi-phasic (α + β) region at equilibrium, ΔrG = 0, which implies that: 

ΔrG
o
 = -RT lnKP           

For metal-hydrogen reaction, M + (y/2) H2(g) ↔ MHy, shown in Eq. (1.13),  

KP = 1/(PH2) 
y/2

       

Thus,  

ΔrG
o
 = y/2 RT lnPH2          

but, 

ΔrG
o
 = ΔrH

o
 - T ΔrS

o
         (1.16) 
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Hence,  

lnPH2 = 2/y (ΔrH
o
/RT)- 2/y (ΔrS

o
/R) 

lnPH2 = (2ΔrH
o
/yR) (1/T)- (2ΔrS

o
/yxR)      (1.17) 

For one mole of hydrogen equation (1.17) can be rewritten as; 

ln(PH2/P
o
) = ΔrH

o
/RT - ΔrS

o
/R        (1.18) 

where, P
o
 is the atmospheric pressure, R is the gas constant (8.314 J/mole∙K) and T is the 

absolute temperature. The plot of natural logarithm of hydrogen equilibrium plateau pressure 

versus the reciprocal of the absolute temperature 1/T is called van‟t Hoff plot, Figure 1.7. 

From a number of measurements of PCI, plateau pressures (PH2) at different temperatures can 

be used to construct a van‟t Hoff plot. The ΔrH
o
 and ΔrS

o
 can be evaluated from the slope and 

intercept of van‟t Hoff plot, respectively [33]. The entropy change mainly corresponds to the 

loss of translational degree of freedom when hydrogen gas enters the metal lattice. 

 

1.5.3 Selection of suitable metal/alloys for solid state storage 

Most of the elements in periodic table react with hydrogen to form binary hydrides. However, 

all hydrides are not suitable for their application in storage of hydrogen isotopes since they 

are either too stable or too unstable. The variation in stabilities of some transition metal 

binary hydrides is shown in Table 1.4. 
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Table 1.4: The variation in stability of binary hydrides of transition metals* [37]. 

IIIA IVA VA VIA VIIA VIIIA IXA XA 

ScH2 TiH2 VH2 CrH MnH FeH CoH0.5 NiH0.5 

-200 -126 -54 -16 -9 +14 0 -6 

YH2 ZrH2 NbH2 MoH TcH RuH RhH0.5 PdH0.5 

-225 -165 -60 -12 (+36) (+42) (+25) -40 

LaH2 HfH2 TaH0.5 WH ReH OsH IrH PtH 

-210 -133 -78 (+16) (+52) (+48) (+42) (+26) 

ThH2 UH3 PuH2      

-146 -85 -155      

*Values are for enthalpy of formation of the hydrides in kJ/mole H2, Values in brackets are 

estimated from empirical model considerations [38]. 

As discussed in Section-1.5.1 and 1.5.2 that stability of metal/alloy hydrides is related to the 

changes in standard free energy (ΔrG
o
), enthalpy (ΔrH

o
) and entropy (ΔrS

o
) of metal/alloy-

hydrogen reaction involved. By tuning the enthalpy and entropy of metal/alloy-hydrogen 

system, the desired pressure can be obtained using Eq. 1.18. Using this equation, the 

desorption temperature (Tdes) to generate 1 bar (10
5
 Pa) pressure can be given as: 

𝑇𝑑𝑒𝑠 =   
∆𝑟𝐻

𝑜

∆𝑟𝑆𝑜
                                                                                                        (1.19) 

If the entropy change for a hydrogen absorption reaction is considered dominated by the loss 

of entropy of hydrogen gas (130 J/K.mole H2 at room temperature) upon its absorption in 

solid, the ΔrS
o
 can be taken around 130 J/K.mole H2. In this case, for generation of 1 bar 

hydrogen pressure at 298 K, the enthalpy of formation of hydrides, from Eq. 3.19, should be 

around -40 kJ/mole H2.  

For a practical approach, by combining the two or more metallic elements one can get the 

alloy or intermetallic compound of desired thermodynamic property. In general, for a 
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combination the elements are chosen in such a way that one of the elements forms stable 

hydride while the others form unstable hydrides.  

 

1.6 Hydrogen Isotope effect 

Differences in chemical and physical properties arising due to difference in the nuclear mass 

of an element is called isotope effect. Hydrogen isotope effects are more pronounced due to 

the large difference in relative masses of hydrogen isotopes, as compared to other elements of 

periodic table. The vibrational, rotational and translational motion of the molecule is greatly 

affected by the change in mass of an atom. As per quantum mechanics, the vibrational and 

rotational states are quantized which results in different discrete energy levels for isotopic 

molecules. This difference in energy levels leads to differences in the distribution of isotopic 

molecules between different states. In case of equilibrium isotope effect, the contribution of 

the vibrational energy is dominant over the translational and rotational energies [16]. The 

schematic of potential energy curve for hydrogen isotope molecules is shown in Figure 1.9. 

Since, the force binding the molecules is independent of change in atomic mass upon isotopic 

substitution the potential energy curve remains same for all hydrogen isotopic molecules like 

H2, HD, D2, T2 etc.. The vibrational energy of a diatomic molecule, in the harmonic oscillator 

approximation, can be given as: 

E = (n+1/2) hν          (1.20) 

Where, n represents an integer number from zero, ν is the vibrational frequency and h is the 

Plank‟s constant.  

The vibrational frequency (ν) is given by; 

ν = (1/2π)(k/μ)
1/2

          (1.21) 

where, k is the force constant and μ is the reduced mass. At lower temperatures, the lowest 

vibrational levels will be populated and isotopic substitution will greatly affect the processes 
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which involve vibrational excitation. Substitution of lighter isotope with heavier isotope will 

result in increase in μ and thus lowering the vibrational frequency (ν). Therefore the 

molecules substituted by deuterium and tritium have correspondingly smaller zero point 

energies, as shown in Table 1.2.  

 

Figure 1.9: Schematic potential energy curve for the hydrogen molecules [16], Figure 

not to scale. 

The vibrational energy corresponds to n=0 is known as vibrational Zero Point Energy (ZPE) 

and is 1/2hν. This is the energy, possessed by the molecules even at the absolute zero 

temperature. It is evident from Figure 1.9 that heavier isotope has the lowest zero-point 

energy. Thus  ZPE of  H2 is 3 kJ/mol higher than that of HD and  8 kJ/mol higher than that of 

D2 [16]. This shows that the binding of heavier nucleus is stronger than lighter nucleus. 

In the metal-hydrogen system, when hydrogen reacts with metal/alloy, it can occupy 

tetrahedral and/or octahedral interstitial sites. The reason behind the thermodynamic isotope 
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effect can be best explained by considering the potential wells and the zero-point energies of 

gaseous hydrogen isotope molecules and atoms in tetrahedral/octahedral interstitial sites. A 

schematic comparison of zero-point vibration energies of hydrogen isotopes in 

tetrahedral/octahedral positions with that of gas phase molecules is shown in Figure 1.10.  

 

Figure 1.10: The Schematic comparison of the zero-point vibrational energies of 

hydrogen isotopes in (a) octahedral and (b) tetrahedral interstitial position with that of 

gas phase molecules (Reprinted from [39], Copyright (1984), with permission from 

Elsevier). 

 

It can be seen from the figure, that the octahedral potential profile is flat whereas the 

tetrahedral potential profile is narrow and steep, which is in accordance with the size of 

octahedral and tetrahedral interstitial sites [39]. Hence, the relative change in zero-point 

energies of hydrogen isotopes from gaseous molecules to hydride state is of primary concern 

for the relative stability of metal/alloy hydrides/deuterides/tritides. The more abundant 

hydrogen isotope in the solid phase will be the one for which the vibrational zero point 
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energy difference between the gas phase and double of corresponding energy level in solid 

state phase is the largest. If │ED│> │EH│, means more energy is gained by the absorption of 

a D2 molecule than by that of a H2 molecule and hence deuterium will have higher preference 

for the solid phase as compared to hydrogen [18, 40, 41]. 

In the metal-hydrogen system, the isotope effect on equilibrium pressure of hydrogen 

molecules over the corresponding hydrides can be explained by considering the change in 

Gibbs free energy of reaction of interest. As discussed earlier, the free energy of hydrogen 

desorption reaction (ΔrG
o
) can be written as; 

ΔrG
o
 = ΔrH

o
 - TΔrS

o
 = -RT ln(P/P

o
)       (1.22) 

It can be seen from Eq. (1.22) that the hydrogen isotope effect on the equilibrium pressure of 

hydrogen arises from the interplay of two thermodynamic parameters namely, entropy and 

enthalpy change of reaction that control the relative stabilities of the corresponding isotopic 

hydrides. The value of entropy of desorption reaction (ΔrS
o
) for the heavier isotope hydride is 

more positive than the lighter ones, as the absolute entropies of hydrogen isotopes in the gas 

phase follow the order S
o
(T2)>S

o
(D2)>S

o
(H2) [42], leading to a „positive or normal‟ isotope 

effect where the plateau pressure of the hydrogen isotopes will follow the trend: p(T2) >p(D2) 

>p(H2). The enthalpy of hydrogenation/de-hydrogenation reaction also decides the nature of 

isotope effect. When the ΔrH
o
 of the lighter isotope hydride is more than the heavier isotope 

hydrides, a normal isotope effect is observed for the system, irrespective of temperature. On 

the other hand, when the ΔrH
o
 of the heavier isotope hydride is more than the lighter ones, a 

temperature dependent isotope effect is expected. Below a certain temperature, inverse 

isotope effect will be observed whereas above this temperature the isotope effect is normal. 
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1.7 Materials for hydrogen isotope storage and challenges 

Solid state storage of hydrogen isotopes (H, D and T) in the form of metal 

hydrides/deuterides/tritides are being considered as the safest and the most advantageous 

method over the conventional storage methods like gaseous storage in high pressure gas 

cylinders and liquid storage in cryogenic tanks [20]. In case of hydrogen/deuterium storage 

purpose, it is expected that the material should have as high as desorption pressure at near 

ambient temperatures. However, tritium being radioactive in nature, the criteria for tritium 

storage materials differs from the conventional hydrogen storage materials. For a material to 

be used for the interim storage of tritium as metal tritide in the tritium handling facilities, it 

should have very low equilibrium pressure of tritium over the tritide at room temperature so 

that all the tritium activity gets trapped within the storage container. Also, the metal tritide 

should desorb the stored tritium at moderate temperatures, to avoid the permeation losses of 

tritium from the storage container itself and release of the activity in the environment. Apart 

from these, the metal tritide should have high He-3 retention capacity so that high purity 

tritium can be desorbed upon heating the metal tritide. A comparison of different storage 

options is shown in Table 1.5. It is evident from this table that, metal tritides can store tritium 

at very high capacity as the hydrogen atom density in most of metals and intermetallic 

compounds is generally higher than that in pure liquid or even solid hydrogen at cryogenic 

temperatures. 
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Table 1.5: Hydrogen storage capacity of various systems and their volume expansion 

upon hydride formation [43]. 

System NH (10
22

 at/cm3) WH (%) V (%) = 

(Vhydride-Vmetal)/Vhydride) 

H2, gas (298 K, 200 bar) 1.0 100.0 -- 

H2, liquid (20 K) 4.2 100.0 -- 

H2, solid (4K) 5.3 100.0 -- 

VH0.8 5.1 1.56 -- 

FeTiH1.74 5.4 1.66 20 

LaNi5H6.7 5.8 1.54 34 

MgH2 6.5 7.65 -- 

ZrH2 7.3 2.16 -- 

ZrCoH3 7.6 1.97 20 

ZrNiH3 7.7 1.97 -- 

UH3 8.2 1.25 75 

TiH2 9.2 4.04 -- 

 

Many transition metals like Zr, Ti and Y have high tritium storage capacity [33, 44, 45], but 

cannot be used for the supply of tritium as their tritides are too stable. They require very high 

temperature for adequate desorption pressure of tritium, where the permeation losses from 

storage container becomes significant. Therefore, these hydrides, i.e. TiHx, ZrHx, YHx, etc., 

are suitable for gettering [33, 46] and long term disposal of tritium [47]. Here, it is important 

to point out that most of the storage containers are made up of stainless steel and at high 

temperatures (>973 K) permeation of hydrogen isotopes from the stainless-steel wall 

becomes significant [18, 20]. 
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Uranium beds are extensively used for interim storage, supply and recovery of tritium [48] 

due to their favourable tritium storage properties, like: i) large storage capacity (H/U atomic 

ratio up to 3), ii) very low dissociation pressure at room temperature for holding tritium 

tightly within the material and iii) moderate desorption temperature (~700 K) to have 

sufficiently large release pressure (~100 kPa) for supply of tritium. However, upon 

hydrogenation, uranium easily disintegrates into fine powder, which is highly pyrophoric in 

nature [49]  and have low thermal  conductivity due to which temperature control of 

specimens becomes difficult during hydrogenation. This fine powder is difficult to contain 

within the storage bed, resulting in damages to valves and other components of the system. 

Another drawback of uranium is that, its radioactive nature makes it nuclear-controlled 

material, which imposes constraints due to inventory monitoring and regulated movement. 

For these reasons, there is a need for the development of alternate materials for interim 

storage of tritium which can replace the conventional uranium bed. In this context, various 

uranium, zirconium and lanthanum based alloys, such as U2Ti, UZr2.3, ZrCo, ZrNi, LaNi5-

xAlx, LaNi5-xMnx etc. [50-56] have been studied in the recent years, which show improved 

storage properties over pure uranium metal.  

Among these, the intermetallic compound ZrCo is being considered as a suitable hydrogen 

isotope storage material for different tritium processing facilities like International 

Thermonuclear Experimental Reactor (ITER) [57-59]. This consideration of ZrCo can be 

attributed to its higher storage capacity (H/f.u. up to 3, f.u. = ZrCo) [53], non-radioactive 

nature, non-pyrophoricity at room temperature [49] and tritium storage properties similar to 

uranium [43, 60]. 

Reaction of ZrCo with hydrogen can be written as; 

2ZrCo + xH2 → 2ZrCoHx        (1.23) 
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However, ZrCo has drawback of hydrogen induced disproportionation upon repeated 

hydriding-dehydriding cycles [41, 61-65]. The hydrogen induced disproportionation reaction 

in ZrCo-H2 system can be written as; 

2ZrCoHx  →  ZrH2 + ZrCo2 + (x-1)H2      (1.24) 

The hydrogen induced disproportionation results in the formation of a hydrogen non-

absorbing ZrCo2 phase and a very stable ZrH2 hydride phase. Since, decomposition of ZrH2 

requires much higher temperature (> 973 K) than that of ZrCo-hydride, a significant amount 

of hydrogen gets trapped within the storage material. On the other hand, recovery of 

hydrogen from the ZrH2 phase at  temperature > 973 Kresults in significant permeation losses 

from the storage container material. Thus hydrogen induced disproportionation results in 

reduction of hydrogen storage capacity of ZrCo, which is not desirable for its use in ITER 

Storage and Delivery System (SDS). Konishi et al. [62] have reported that the extent of 

disproportionation can be suppressed by decreasing the de-hydriding temperature. However, 

decreasing the de-hydriding temperature lowers the hydrogen equilibrium pressure of ZrCo-

H2 system due to which the required delivery pressure of 100 kPa of hydrogen can‟t be 

achieved. 

Hence, alternative choice to overcome the above mentioned problem of ZrCo alloy is to 

thermodynamically stabilize the hydride phase (ZrCoX3) by suitable ternary alloying with 

another element (M) and maintaining the equilibrium pressure (pX2) close to 100 kPa at a 

lower temperature which in turn will reduce the extent of disproportionation reaction.  

Thermodynamically, the alloying element M will elevate the desorption equilibrium 

hydrogen pressure compared to the parent compound ZrCoX3 at a particular temperature. 

Then, it is possible to deliver the required pressure of 100 kPa of hydrogen with reduced 

desorption temperature, thereby preventing the extent of disproportionation. Several attempts 

were made to improve its durability against disproportionation by substituting either Zr or Co 
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with a third element without substantially altering the storage behaviour. A very limited study 

is reported in literature on the effect of ternary alloying on the hydrogen storage behavior of 

ZrCo based alloys [66-71]. However, to the best of our knowledge, there is no data reported 

in the open literature on isotope effect of hydrogen storage behavior of ZrCo based ternary 

alloys. 

Tritium being a radioactive gas, many of the experiments related to development of tritium 

storage materials are primarily carried out using hydrogen and deuterium. Owing to the 

similar chemical properties, reactions of hydrogen isotopes with metals/alloys result in 

formation of corresponding hydrides, deuterides and tritides with same stoichiometry. 

However, the lattice dynamics of the hydrides, deuterides and tritides differ considerably due 

to the difference in their zero point vibrational energies, as discussed in Section-1.6. Also, the 

difference in molecular masses of hydrogen, deuterium and tritium results in different values 

of their standard entropies. The overall effect of differences in zero point energies and the 

standard entropies leads to different values of Gibbs free energies of formation for these 

analogues compounds, which in turn, gives different values of equilibrium pressures for H2, 

D2 and T2 at a particular temperature [40]. Hence, it is important to investigate the hydrogen 

isotope effect on the storage behaviour of these metals and alloys. 
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1.8 Motivation and Objective of the present investigation 

Adding the third element is considered an effective way to elevate the equilibrium 

dissociation pressure and/or decrease the dehydrogenation temperature of ZrCo based 

hydrides, thus improving the anti-disproportionation property of ZrCo based alloy. This has 

led to the onset of consolidated efforts to find a suitable ternary alloy for storage, supply and 

recovery of hydrogen isotopes. In the present thesis, a systematic approach has been applied 

to investigate the effect of ternary alloying on the hydrogen isotope storage properties of 

ZrCo alloy.  

Considering the hydride forming ability and chemical properties of elements, Ti can be 

considered as suitable substitutes for Zr in ZrCo alloy. Similarly, Fe and Ni can be considered 

as suitable substitutes for Co in ZrCo alloy. Hence, this thesis attempts to study the effect of 

substitution of Ti, Fe and Ni on the hydrogen storage properties of ZrCo alloy. In this 

context, ternary alloys Zr1-xTixCo and ZrCo1-xMx (M= Ni and Fe) were prepared and 

characterized by different techniques like XRD, SEM, EDS and Elemental mapping. The 

hydrogen isotope storage behavior of Zr-Co-M ternary alloys were investigated by generating 

the hydrogen/deuterium desorption Pressure-Composition Isotherms (PCIs) by employing 

Sieverts' type volumetric apparatus. The thermodynamic parameters of the hydrogenation 

reactions and their corresponding isotopic effects were evaluated. Hydrogen induced 

disproportionation behavior of Zr-Co-M ternary alloys were investigated by hydrogen 

absorption-desorption cyclic life and isothermal studies. The phenomenon of hydrogen 

induced disproportionation in different Zr-Co-M ternary alloys was further investigated by 

employing the structural elucidation technique, neutron powder diffraction (NPD). The 

extensive work carried out in this thesis enable to identify a suitable ternary substituent for 

effective storage, supply and recovery of hydrogen isotopes in particular tritium.



 

 

 

 

 

 

 

CHAPTER 2 

EXPERIMENTAL 
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2 Experimental 

2.1 Synthesis of materials 

2.1.1 Preparation of alloys: Arc melting method 

Arc melting method was used to synthesize a series of Zr-Co-M (M=Ni, Fe and Ti) ternary 

alloys. An arc melting furnace converts the electrical energy into the thermal energy which is 

in turn utilized to melt the charge of raw materials to form an alloy [72]. Arc melting unit 

consists of three main parts: power source, chiller and vacuum unit. The power source is used 

to generate the arc between a tungsten electrode and a copper hearth (having crucible to hold 

raw material) by applying a low voltage and high ampere current which results in large 

tension between two electrodes. In an arc melting unit, pure elements of the alloy in the 

desired ratio stoichiometry can be heated up to a temperature more than 2000ºC and the arc 

temperature can be controlled by the current applied between the two electrodes. The vacuum 

unit attached to this arc melting unit consists of a diffusion pump backed by rotary vacuum 

pump and a vacuum of 10
-6

 mbar can be attained by this unit. This is used to evacuate the arc 

melting chamber and then back filled with inert gas like argon or helium. Evacuation and 

filling of chamber with inert gas avoids oxidation of molten metal and alloys. Due to the high 

work potential of helium it is difficult to generate the arc in helium atmosphere than in argon 

atmosphere. Hence, in general, the melting is performed in high purity argon atmosphere. 

The cold water circulation from the chiller unit cools both the copper hearth and the 

electrode. The alloy ingot formed by this method is not perfectly crystalline in nature due to 

the irregular cooling of sample when the arc is broken off. Bottom of the sample is cooled 

faster, due to direct contact with water-cooled copper hearth, than the top of the sample and 

this result in amorphous nature of sample. Fast cooling of the liquid melt by chilled water 
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causes quenching of sample, resulting in presence of multiple phases and amorphous 

solidified liquid. Therefore, to attain an equilibrium ambient temperature phase, the arc-

melted samples were heat treated. For which the samples are encapsuled in quartz and heated 

at desired temperature for considerable duration and then quenched to get the desired phase, 

homogeneity and crystallinity. 

For the present study, alloys of compositions ZrCo1-xNix (x = 0.0, 0.1, 0.2 and 0.3), 

ZrCo0.9Fe0.1 and Zr1-xTixCo (x = 0.1, 0.2 and 0.3) were prepared by arc-melting of 

stoichiometric mixtures of high purity metals. After melting of the stoichiometric mixtures of 

high purity metals it solidified due to cooling of copper hearth. In order to improve the 

compositional homogeneity, the ingot was turned around, without breaking the vacuum, and 

re-melted six times in a water cooled copper hearth under a high purity argon atmosphere. 

The cast ingot were wrapped in a titanium foil and annealed in an evacuated sealed quartz 

tube at 973 K for 3 days (where titanium worked as getter for residual oxygen in the 

ampoule) and water quenched to room temperature. 

 

2.1.2 Activation of alloys 

Most of the hydrogen isotope storage materials require activation prior to their intended use. 

Activation of the alloy is a process in which different treatments are given to the sample to 

achieve the repeatable reversible hydrogen absorption-desorption behavior.  Generally 

surface of alloys are covered by adsorbed impurities and an oxide layer. These impurities act 

as a barrier for absorption of hydrogen, therefore, it is essential to overcome the effect of 

surface impurities. For this purpose, firstly the sample is heated at the elevated temperature 

under very high vacuum, of the order of 10
-6

 mbar or better. Then the sample is exposed to 

hydrogen at elevated temperature and pressure to initiate the reaction of hydrogen with the 

sample. Hydrogenation of sample causes significant increase in the lattice volume which 
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results in the decrepitation of the bulk host material into fine powder and provides a fresh 

metal surface for further absorption of hydrogen. 

In the present study, for the activation of all Zr-Co-M ternary alloys, the sample was loaded 

in the reaction vessel of in-house designed Sieverts‟ type volumetric apparatus and out gassed 

at 773 K in a vacuum of around 10
-5

 Pa for 4 hours. Thereafter, high pure hydrogen gas was 

introduced into the reaction vessel at 573 K and temperature was lowered to room 

temperature, while keeping the reaction vessel inside the furnace. In this process, absorption 

of hydrogen by sample started around 573 K and the bulk alloy was converted into the fine 

powder of hydride which further provided the fresh alloy surface for absorption of hydrogen. 

Once, the hydrogen absorption started the temperature was lowered and the heat generated by 

exothermic absorption of hydrogen was sufficient to activate the further absorption of 

hydrogen by the alloy. This hydrogen absorption process continued till all the alloy was 

converted to hydride phase. Thereafter, the hydride phase was dehydrogenated at 773 K for 

three hours and at 873 K for one hour, under high vacuum (~10
-5

 Pa). This process was 

repeated twice to achieve the activated alloy of repeatable reversible hydrogen absorption-

desorption behavior. 

 

2.1.3 Preparation of hydrides/deuterides 

For the preparation of the Zr-Co-M hydride/deuteride phases, the activated alloy sample was 

loaded into the reaction vessel of Sieverts‟ type volumetric apparatus (PCT Pro-2000, 

SETARAM Instrumentation, France) and a known amount of hydrogen/deuterium gas was 

introduced into the system, at room temperature, to form the corresponding hydride/deuteride 

phase. The hydrogen/deuterium concentration in the hydride/deuteride phase was calculated 

by monitoring the change in pressure with time and using the volume-pressure relation at 

constant temperature. 



38 

 

 

2.2 Characterization techniques 

Various characterization techniques were used for the characterization of the alloys, as well 

as their hydrides and deuterides. The alloys and their hydrides/deuterides were characterized 

by X-ray powder diffraction (XRD) method. The surface morphology of alloys and their 

hydrides/deuterides was investigated by employing the Scanning Electron Microscope 

(SEM). The homogeneity of the alloys was investigated by compositional analysis at 

different morphological positions of the alloy by Energy Dispersive X-ray Spectroscopy 

(EDS) and elemental mapping. The brief description of characterization techniques used is as 

follows. 

2.2.1 X-Ray Diffraction (XRD) Technique 

X-ray diffraction is a non-destructive solid state characterization technique for 

characterization of the crystalline materials. This technique is used to get insight about the 

phase composition of materials and crystallographic information of different phases. In X-ray 

diffraction, electromagnetic radiation, monochromatic X-rays, with wavelength of the order 

of inter atomic spacing are elastically scattered by the electron cloud of the atoms in a crystal. 

Scattered X-rays are completely in-phase if the path difference is equal to an integer multiple 

of wavelength of the X-ray (λ). This increases the intensity of the scattered X-ray. Similarly, 

out-of-phase X-rays result in reduction of intensity. This change in intensity of the scattered 

X-rays gives a diffraction pattern, which is related with lattice parameters. This phenomenon 

produces the diffraction peaks at angles defined by the Bragg‟s law [73]; 

   nλ = 2d Sinθ       (2.1) 

where n is the integer, λ is the wavelength of X-ray, 2θ is the angle between the incident 

beam and diffraction plane and d is the inter-planner distance for a particular set of plane with 

Miller indices (hkl).  
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The X-ray powder diffraction measurements of the present powder samples were carried out 

using a theta–theta geometry diffractometer (supplied by GNR Analytical Instruments Group, 

Italy; Model: EXPLORER). The CuKα radiation ( = 1.5406 Å) was used for recording of 

room temperature XRD patterns. The diffractometer operated at the power level of 1.6 kW 

(40 kV and 40 mA) and was equipped with the secondary graphite monochromator in the 

diffracted beam. The room temperature powder XRD patterns were recorded in the 2θ range 

of 20-80º with a step of 0.02º and 3 seconds counting time. X-ray powder diffraction patterns 

of some of the samples, where the sample quantity was very less due to experimental 

restrictions, were also recorded using the Rotating Anode X-ray facility of Bhabha Atomic 

Research Centre (BARC), Mumbai, India.  

2.2.2 Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning it with a focused beam of electrons. The electrons interact with 

atoms in the sample, producing various signals that contain information about the sample's 

surface topography and composition. The focused beam of electrons is generally scanned in a 

raster scan pattern and the signals emitted from the surface are collected. Thereafter, the 

beam's position is combined with the detected signal to produce an image [74]. When a high-

energy primary electron beam interacts with an atom of specimen it undergoes either inelastic 

scattering with atomic electrons or elastic scattering with the atomic nucleus thus resulting in 

a number of interactions that produces different types of electrons and photons. Different 

electron-matter interactions can be classified as follows [75]; 

a) Elastic scattering of electrons by atomic nuclei of the sample results in generation of 

back-scattered electrons (BSE). The probability for elastic scattering increases with Z
2
 

and hence BSEs are useful for generating images based on Z-contrast.  
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b) Inelastic scattering of electrons by sample atoms results in low-energy secondary 

electrons (SE) which are used for providing the topographic information of the sample 

surface.  

c) Inelastic scattering of electrons by sample atoms results in X-ray generation 

(characteristic and Bremsstrahlung background X-rays) from lower sample depths. The 

characteristic X-rays are useful for chemical analysis of the sample. 

d) Inelastic scattering results in Auger electrons emitted from sample atoms near the sample 

surface which are useful for surface chemical analysis. 

For imaging and chemical analysis using SEM, the particles generated from different 

electron-specimen interaction should reach to the detector situated above the sample surface. 

The order of relative energies of the generated particles is as follows [75]; 

Auger electrons < SE < BSE < X-rays 

The Auger electrons emitted from deeper regions of the sample lose their energy through 

collisions with sample atoms and they can‟t penetrate the surface. Thus only surface Auger 

electrons can be detected and thereby making the Auger Electron Spectroscopy (AES) a very 

sensitive technique to probe the chemical composition of only the top 50-100 Å (i.e., 15-30 

monolayers). In comparison, the maximum escape depth of secondary electrons has been 

estimated as 5 nm in metals and 50 nm in insulators [75]. The principal images produced in 

the SEM are of three types: secondary electron images, backscattered electron images, and 

elemental X-ray maps. Secondary and backscattered electrons, produced by different 

mechanisms, are conventionally separated according to their energies. 

In the present study, the microstructure and surface morphology of all Zr-Co-M ternary alloys 

and their corresponding hydride/deuteride phases were analyzed by Scanning Electron 

Microscope (SEM, SERON INC South Korea, Model ATS 2100). SEM imaging of powder 
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samples were carried out by spreading the powder samples on a adhesive carbon tape which 

is conventionally used in SEM for conduction purpose. 

2.2.3 Energy-dispersive X-ray spectroscopy (EDS) and Elemental mapping 

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the 

qualitative and quantitative analysis of the elements present in the sample. As discussed in 

Section 2.2.2, the characteristic X-rays generated by the electron-matter interaction are used 

for chemical analysis of the sample. The number and energy of the characteristic X-rays can 

be measured by an energy-dispersive spectrometer. Chemical composition of the sample is 

determined by comparing the intensities of characteristic X-rays from the sample material 

with intensities from a standard sample of sample elements with known composition.  

 In the present study, the homogeneity of all Zr-Co-M ternary alloys was investigated by 

compositional analysis at different morphological positions of the alloy by EDS (Oxford 

Instrumentation, UK, Model Number INCAE350) and by elemental mapping. Flat and 

polished alloy sample were used for EDS and elemental mapping. 

2.2.4 Neutron powder diffraction (NPD) technique 

Neutrons, being an uncharged particle, interact with matter in fundamentally different way 

than the X-rays. X-rays are scattered by the electron cloud of the atoms whereas the neutrons 

are scattered by the atomic nuclei. The strength of scattering can be expressed as scattering 

cross section or scattering length. X-ray scattering is dependent on the number of electrons 

surrounding the nucleus, whereas, neutron scattering is governed by the strength of 

interaction between neutron and nucleus of scattering atom. Hence, In X-ray there is a linear 

increase in atomic scattering factor with atomic number (Z) of scattering atom. However, 

there is no systematic correlation between the atomic number (Z) of the scattering nuclei and 

neutron scattering length. Even scattering from different isotopes of the same element can 

differ significantly. That‟s the reason, why it is difficult to see the scattering of light atoms by 
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X-ray diffraction technique? Also it is very difficult to distinguish the neighboring elements 

in the periodic table by X-ray diffraction. Another important point with regards to neutron 

scattering is that, the neutron scattering lengths do not change with change in scattering 

angles. On the other hand, X-ray scattering factor decreases with increase in scattering angle. 

Also, neutrons have a magnetic moment which in turn is utilized to determine the magnetic 

ordering and magnetic structures of materials by employing neutron scattering technique 

[76].  

Neutron powder diffraction (NPD) is widely used for structural characterization of hydrogen 

isotope storage materials. A detailed discussion about the use of X-ray and neutron 

diffraction in structural characterization of metal hydrides is presented by B.C. Hauback [76] 

and D.K. Ross [77]. It is important to note that there is a significant difference in the 

scattering behavior of hydrogen and deuterium. Any element or isotope consists of coherent 

as well as incoherent scattering cross sections, σcoh and σinc respectively. In neutron 

diffraction, coherent scattering is exploited which contributes to the Bragg peaks, whereas the 

incoherent scattering contributes only to the background. Hydrogen (H) has very high 

incoherent scattering (σcoh = 1.8 barn and σinc = 80.2 barn) [78], and this gives mainly a big 

background in the neutron diffraction data. On the other hand, deuterium (D) gives mainly 

coherent scattering (σcoh = 5.6 barn and σinc = 2.0 barn) [78], which contributes to the Bragg 

scattering. Therefore, for structural studies of hydrides by neutron diffraction deuterium is 

used in lieu of hydrogen. 
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Figure 2.1: Schematic and the instrument parameters of neutron powder 

diffractometer. 

A neutron powder diffraction set-up requires a neutron source, which can be a reactor or 

spallation neutron source. In the present study, the neutron powder diffraction (NPD) patterns 

of Zr-Co-M ternary alloy deuterides were recorded on the PD2 neutron powder  

diffractometer  (λ  =  1.2443Å) at Dhruva reactor, Bhabha Atomic Research Centre, Mumbai, 

India. A schematic and the corresponding instrument parameters of neutron powder 

diffractometer used is shown Figure 2.1. The resolution (Δd/d) of the powder diffractometer 

is 0.8%. The sample used for this measurement was in powder form and it was densely 

packed in a vanadium container (1cc volume). The detector bank consists of  
3
He based five 

linear position sensitive detectors covering an angular range 0 to 140. The step size was 

0.05.  The data was recorded for about 5 hours.  The neutron powder diffraction pattern was 

analyzed using FULLPROF program [79]. 
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2.2.5 Data treatment method 

2.2.5.1 Phase identification 

Every crystalline phase has unique structural information like unit cell dimensions and the 

atomic arrangement within the unit cell, which gives rise to a unique powder X-ray 

diffraction pattern. This powder X-ray diffraction pattern can be considered as a „fingerprint‟ 

of the material and therefore can be used for phase identification by comparing measured 

diffraction pattern with those reported in the database. The most efficient computer 

searchable crystallographic database available is the PDF-database from the International 

Centre for Diffraction Data (ICDD) [80].  

2.2.5.2 Structure refinement - the Rietveld method 

Rietveld refinement is a widely used technique for the refinement of structural data using 

powder diffraction patterns. H. M. Rietveld [81, 82], developed this method mainly for 

refinement of constant wavelength neutron diffraction data. Later on the Rietveld method was 

also applied for X-ray diffraction [83]. In the present study, Rietveld refinement method has 

been used for refinement of both powder X-ray diffraction and Powder neutron diffraction 

data. 

Rietveld refinement is a structure refinement technique which works on least squares 

refinement method that refines the experimental pattern against a calculated pattern until the 

best fit is obtained. In order to apply this method, a good starting structure model is required 

having as much structural information as possible.  

Rietveld method, being a least-squares method, attempts to minimize the weighted, squared 

sum of differences between the observed and the calculated values. The function which is 

being minimized is given as [83]; 

𝑆𝑦  =    𝑤𝑖  (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖

𝑐𝑎𝑙𝑛
𝑖=1 )2       (2.2) 
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Where, n is the number of measured data points, wi is the weighing factor and  Yi
obs

 and Yi
cal

 

are the observed and calculated intensity at point i of the powder diffraction pattern, 

respectively. Calculated intensity (Yi
cal

) is a complex function comprising different 

parameters contributing to the diffraction pattern of material. 

In order to determine the quality of the refinement or to see whether the „best fit‟ has been 

achieved or not, different figures of merits are used. The most widely used are the reliability 

factor R, which can be defined as Rwp (weighted profile R-factor), RP (profile R-factor) and 

Rexp (expected profile R-factor) [84]. 

 

𝑅𝑤𝑝  =   
  𝑤 𝑖  (𝑌𝑖

𝑜𝑏𝑠 −𝑌𝑖
𝑐𝑎𝑙𝑛

𝑖=1 )2

 (𝑌𝑖
𝑜𝑏𝑠 )2𝑛

𝑖=1

        (2.3) 

𝑅𝑝  =  
 (𝑌𝑖

𝑜𝑏𝑠 −𝑌𝑖
𝑐𝑎𝑙 )𝑛

𝑖=1

 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1

         (2.4) 

𝑅𝑒𝑥𝑝   =   
(𝑛−𝑝)

 (𝑌𝑖
𝑜𝑏𝑠 )2𝑛

𝑖=1

         (2.5) 

Where, n is the number of observations and p the number of refined parameters.  

The goodness of fit, the chi-squared parameter (χ
2
) is given as; 

χ2  =   
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
 

2

           (2.6) 

For a better fit, the Rwp value should be as close as possible to the Rexp value, means that the 

χ
2
 value should be as close to 1 as possible. The quality of fit can be examined using the 

graphical representation of observed and calculated diffraction patterns and their difference 

plot.  

In the present study, X-ray powder diffraction and neutron powder diffraction patterns were 

analyzed using FULLPROF program [79]. WinPLOTR was used for graphical representation 

of observed and calculated diffraction patterns and their difference plot [85]. 
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2.3 Hydrogen absorption-desorption measurement technique 

There are various techniques available for investigating the hydrogen sorption-desorption 

properties of different materials. These can be broadly classified into three categories; 

1. The Gravimetric method: It is based on the measuring of change in sample mass during 

the course of hydrogen absorption-desorption reaction. After incorporating necessary 

corrections, the measured weight is plotted as a function of hydrogen pressure to generate the 

pressure-composition isotherms (PCIs). Further details of this method can be found in the 

chapter written by D.P. Broom [86].  

2. The Flowing volumetric method: It is based on the mass flow controllers and the amount 

of hydrogen absorbed/desorbed by the sample is determined by the amount of hydrogen 

flown inside/outside the reaction vessel. The details of this method can be found in [86]. 

3. The Manometric (Sieverts') method: It is the most common and widely used method for 

investigation of hydrogen storage properties of different materials. It is a very simple method 

and can be adopted in any normal laboratory even if it doesn‟t have any sophisticated 

equipment. It requires a gas handling system having a temperature and pressure measurement 

devices. A schematic diagram of a Sieverts‟ type volumetric apparatus is shown in Figure 

2.2.  

A conventional Sieverts‟ type volumetric apparatus comprises the following parts [86]; 

1.  Gas handling manifold 6.  Pressure transducer 

2.  Reaction vessel 7.  Vacuum transducer 

3.  Furnace for heating of reaction vessel 8.  Thermocouple 

4.  Hydrogen and helium gas supply 9.  Vacuum pumping system 

5.  Standard volume   
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For the present study two Sieverts‟ type volumetric apparatus were used. A low pressure 

Sieverts‟ type volumetric apparatus is indigenously designed and developed at our laboratory. 

High pressure Sieverts‟ type volumetric apparatus (PCT Pro-2000) was supplied by M/s. 

SETARAM Instrumentation, France. Picture of indigenously designed Sieverts‟ apparatus is 

shown in Figure 2.3 and the line diagram of High pressure Sieverts‟ apparatus is shown in 

Figure 2.4.  

 

Figure 2.2: Schematic diagram of a Sieverts’ type volumetric apparatus. 
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Figure 2.3: Indigenously designed and developed Sieverts’ type volumetric apparatus. 

 

 

Figure 2.4: Sieverts’ type volumetric apparatus (PCT Pro-2000). 
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Indigenously designed Sieverts‟ apparatus was used for degassing and activation of all Zr-

Co-M ternary alloys. Whereas, all other studies like synthesis of hydrides/deuterides, PCT 

measurement, cyclic life studies and isothermal disproportionation studies were carried out 

by employing the high pressure Sieverts‟ type volumetric apparatus. 

 

2.4 Pressure-Composition-Temperature (PCT) studies 

Thermodynamic properties of hydrogen storage materials govern a relation between 

hydrogen storage capacity, pressure and temperature which can be best represented by the 

Pressure-composition-temperature (PCT) measurements, here composition is synonymous of 

hydrogen concentration in the material. Thereby, PCT measurements are the most reported 

measurement in the literature. PCT measurements are the collection of pressure-composition 

isotherm (PCI) measurements at different temperatures. In a PCI, variation of concentration 

with equilibrium pressure is plotted at a constant temperature. The effect of temperature on 

hydrogen storage properties of any material can be determined by comparing PCIs at 

different temperatures.  

In the present study, the pressure-composition-temperature (PCT) measurements were carried 

out using a conventional Sieverts‟ type volumetric apparatus (PCT Pro-2000, SETARAM 

Instrumentation, France). A known amount of the activated sample was loaded in to the 

reaction vessel of known volume of the Sieverts‟ apparatus and thereafter, hydrogen gas 

(purity 99.999%) at a known pressure was introduced at room temperature. The system was 

allowed to attain equilibrium by monitoring the pressure change with time. Equilibrium was 

considered to be attained only when no discernible change in pressure readings (within an 

error of ± 1% of reading) were observed for a period of 3-4 hours. For lower pressure ranges 

(< 100 Pa), the equilibration time was increased to 5 hours or longer. The hydrogen 

concentration in the specimen was calculated from the pressure data.  This hydride phase was 
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heated to the desired experimental temperature under a known overpressure in the system to 

generate hydrogen desorption pressure-composition isotherm (PCI). Desorption equilibrium 

was established by evacuating a known amount of hydrogen from the reservoir and allowing 

the system to re-attain equilibrium. This allows to simultaneously calculate the value of 

hydrogen concentration (= H/f.u., f.u. = Zr-Co-M) and the corresponding equilibrium 

hydrogen desorption pressure at the experimental temperature.  Thereafter, the value of H/f.u. 

was altered by aliquoting a known amount of hydrogen from the reservoir and allowing the 

attainment of a new equilibrium. This process was repeated till the entire isotherm was 

generated.  Following this procedure, hydrogen/deuterium desorption PCIs for all the Zr-Co-

M ternary alloy systems were generated in the temperature range of 523-603 K with a step of 

20 K. A real time hydrogen desorption PCI generation from the recorded pressure-

concentration-time data at a particular temperature is shown in Figure 2.5. In this figure the 

upper graph is pressure vs. time plot and the resulting PCI curve is shown below. It can be 

seen from pressure vs. time diagram that a single PCI measurement consists of a series of 

pressure dose. The last point of each hydrogen desorption curve provides the concentration of 

hydrogen in the material at that temperature and equilibrium hydrogen pressure. Thus, by 

joining the last point of each desorption curve and calculating the corresponding hydrogen 

concentration, a PCI can be generated as shown in Figure 2.5. 
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Figure 2.5: Generation of hydrogen desorption PCI for ZrCo alloy. 

 

2.4.1 Calculation of hydrogen/deuterium absorption/desorption quantities in Sieverts' 

method 

In Manometric (Sieverts') method the hydrogen/deuterium concentration in any material is 

determined by using the pressure-volume-temperature (PVT) correlations. As shown in 

Figure 2.2, the Sieverts' apparatus consists of a calibrated volume gas reservoir which is 

connected to a sample reactor. Since hydrogen/deuterium concentration in materials are 

measured indirectly using PVT correlations, the accurate volumes and temperatures of the 

calibrated gas reservoirs and sample holder must be known in advance. The position of 

thermocouple is fixed in such a way that the measured temperature is same as the sample 

temperature. Volume of sample holder, after loading of sample, is calibrated at experimental 

temperature using helium gas to accurately know the free gas volume in the sample holder. 
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Temperatures of the gas reservoir and sample holder are controlled using the PID temperature 

controller, to maintain them at constant (but not necessarily equal) temperatures. Thus, by 

fixing volume and temperature of the reservoir and sample holder, the pressures of the system 

can be measured using suitable pressure transducers to get isothermal pressure-concentration 

data [87]. 

A known amount of sample is loaded into the reaction vessel and free gas volume of sample 

holder is determined using the helium calibration method. Thereafter, the calibrated gas 

reservoir is filled with a known pressure of hydrogen. This hydrogen is allowed to react with 

sample by opening the valve of sample reactor and sufficient time is provided to reach the 

equilibrium in the system. If ΔP is the pressure drop due to absorption of  hydrogen by 

sample the amount of hydrogen absorbed by the sample can be calculated as follows; 

𝑛 =  
∆𝑃∙𝑉

𝑍𝑅𝑇
                                                                                                           (2.7) 

where, n is moles of hydrogen, V is the volume of system, z is the compressibility of 

hydrogen gas at temperature T K and R is the gas constant. 

In general, for the present PCIs, the hydrogen concentration is represented by hydrogen to f.u. 

(formula unit) of the sample (H/f.u.). 

𝐻

𝑓 .𝑢 .
=  

𝑛

𝑛𝑠
                                                                                                            (2.8) 

where, ns is the moles of sample alloy. 

For accurate measurements of hydrogen/deuterium concentration for generation of PCIs, the 

NIST Standard Reference Database [88] containing the latest compressibility factors for 

different gases were used. These NIST database are inbuilt in the software of Sieverts' type 

volumetric (PCT Pro-2000, SETARAM Instrumentation, France). 
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2.5 Cyclic life studies 

The cyclic life of the hydrogen isotope storage material plays an important role in order to 

design the storage and delivery system. Hence, it is essential to investigate whether the 

hydrogen storage properties of any material stay relatively constant during the course of 

absorption-desorption cycling. In this context, hydrogen absorption-desorption cyclic life 

studies of ZrCo1-xNix and ZrCo0.9Fe0.1 alloys were carried out at 583 K and up to 50 cycles 

using the Sieverts‟ type volumetric apparatus. Activated sample was loaded in to the reaction 

vessel of Sieverts‟ apparatus and the specimen temperature was set at 583 K at which cyclic 

life study was intended. A known amount of hydrogen was introduced into the reaction vessel 

kept at 583 K and after hydriding the hydrided sample was allowed to desorb hydrogen in a 

pre-evacuated large reservoir of known volume (~1 litre). This hydrogen absorption-

desorption process was repeated up to 50 cycles. The hydride phase after 50 cycles was 

analysed by XRD. Thereafter, the cycled hydrided phase was dehydrogenated at 773 K for 

three hours and at 873 K for one hour, under high vacuum (~10
-5

 Pa) and the dehydrided 

phase was analysed by XRD. This process was followed for all the compositions of ZrCo1-

xNix and ZrCo0.9Fe0.1 alloys. These studies were not performed on the Zr1-xTixCo alloys due to 

higher desorption equilibrium pressure of hydrogen for these alloys at 583 K. 

 

2.6 Isothermal disproportionation studies 

In order to find the best suitable ternary alloy among the alloys stuided, it is required to study 

the isothermal disproportionation behavior of hydrides of these alloys at maximum possible 

desorption temperature under delivery conditions (under hydrogen pressure). 

The isothermal disproportionation behavior of Zr-Co-M ternary alloys were studied at 750 K 

(maximum possible desorption temperature) under delivery conditions, above 1 bar over 

pressure of hydrogen. For this purpose, the acivated alloy was loaded into the reaction vessel 
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of Sievert's apparatus and exposed to pure hydrogen to form the hydride. Therafter, the 

hydride phase was heated to 750 K and the over pressure of hydrogen in the system was 

selected accordingly to get the hydrogen pressure above 1 bar. The system under this 

condition was kept in isothermal condition, at 750 K for 10 hours and then cooled to room 

temperature. Similar disproportionation studies were carried out for all Zr-Co-M ternary 

alloys keeping the identical experimental conditions. The Zr-Co-M hydrides before and after 

disproportionation studies were characterized by XRD to see the phase changes during the 

course of isothermal conditions. 



 

 

 

 

 

 

 

CHAPTER 3 

RESULTS AND DISCUSSION
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3 Results and Discussion 

3.1 Storage Behavior of ZrCo Alloy 

3.1.1 Material Characterization 

The XRD patterns of ZrCo and its hydride/deuteride phases are shown in Figure 3.1. The 

formation of ZrCo phase and its hydride/deuteride phases was confirmed by comparing their 

XRD patterns with the JCPDS (Joint Committee on Powder Diffraction Standards) files [89].  

 

Figure 3.1: X-ray powder diffraction patterns of ZrCo and its hydride/deuteride. 

It is evident from Figure 3.1, that a trace amount of ZrCo2 phase is present in the ZrCo phase. 

Harris et al. [90] reported that, it is extremely difficult to prepare single phase of ZrCo and it 

is always accompanied by traces of ZrCo2 phase. The Zr-Co phase diagram [91] reveals that 

ZrCo phase crystallizes as ordered CsCl-type b.c.c structure which exists over a very narrow 

range (≤1%) of composition at all temperature and melts congruently. ZrCo phase forms 

eutectic with ZrCo2 in the cobalt rich side. Also, ZrCo2 is the most stable compound in the 
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Zr-Co system [91]. Hence, it is highly probable that upon cooling from melt to room 

temperature, a small fraction of ZrCo2 phase will remain as impurity. The lattice parameter 

and phase abundances of the ZrCo alloy were calculated by Rietveld refinement of XRD data 

using the FULLPROF program [79]. Rietveld refinement pattern of ZrCo alloy is shown in 

Figure 3.2. In the present study the fraction of ZrCo2 phase was found to be ~1%. The lattice 

parameter of ZrCo was found to be 3.1957 ± 0.0001 Å which is in very good agreement with 

the values reported in the literature, 3.196 Å [89], 3.1963 Å [90] and 3.1954 ± 0.0002 [92]. 

 

Figure 3.2: Rietveld refinement of XRD pattern of ZrCo alloy. The tick marks indicate 

ZrCo (top) and ZrCo2 (bottom) phases. 

The SEM images of ZrCo alloy and its hydride with different magnification are shown in 

Figure 3.3. It is evident from Figure 3.3 that ZrCo alloy exhibits a cleavage type surface 

whereas its hydride shows a cleavage type fracture surface. The cracks generated in the 

hydride phase are attributed to the lattice expansion of ZrCo alloy upon hydrogenation. The 

EDX spectra of ZrCo alloy is shown in Figure 3.4. The EDX microanalysis carried out at 
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different morphological positions of the alloy reveals an average composition over the entire 

sample and in accordance with the nominal composition ZrCo. 

 

Figure 3.3: SEM images of ZrCo and its hydride at magnifications of 500X and 5000X; 

(a) and (b) ZrCo alloy; (c) and (d) ZrCo hydride phase. 

 

 

Figure 3.4: EDX spectra of ZrCo alloy. 
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3.1.2 Standardization of Sieverts' apparatus with PCT measurements on Pd-H2 system 

Prior to PCT measurements on actual systems, the accuracy of Sieverts' type volumetric 

apparatus was checked by performing the PCT measurements on palladium metal. Palladium 

metal powder (purity of 99.99% trace metal basis) was used for generation of hydrogen 

desorption pressure-composition isotherms (PCIs) in the temperature range of 354 to 424 K. 

First of all, the palladium sample was activated by hydrogen absorption-desorption method 

shown in Section-2.1.2. Thereafter, activated sample was loaded into the reaction vessel of  

Sieverts' type volumetric apparatus and hydrogen desorption pressure-composition isotherms 

were generated at four different temperatures in the range of 354 to 424 K. Hydrogen 

desorption PCIs for Pd-H2 system are shown in Figure 3.5(a). A single desorption plateau 

was observed for all PCIs and the plateau width was found to decrease with increase in 

temperature. Using the plateau pressure data of all PCIs, a van't Hoff plot was constructed as 

shown in Figure 3.5(b). A linear relation was observed for temperature dependence of 

equilibrium plateau pressure and can be represented by van't Hoff relation; 

 log(P/Pa) = -2175.7/(T/K) + 10.25       (3.1) 

By employing this van‟t Hoff relation, the enthalpy (ΔrH
o
) and entropy (ΔrS

o
) change for the 

de-hydrogenation of Pd hydride were deduced to be 41.7 ± 0.3 kJ/mole H2 and 100.5 ± 0.4 

J/(mole H2∙K), respectively. The obtained values of ΔrH
o
 and ΔrS

o
 change for the de-

hydrogenation of Pd hydride are very close to the values 41.04 ± 0.4 kJ/mole H2 and 97.5 ± 

0.8 J/(mole H2∙K), respectively, reported in literature [93]. This confirms the accuracy of 

measurements by Sieverts' apparatus. 



60 

 

  

Figure 3.5: (a) Hydrogen desorption PCIs and (b) van't Hoff plot for Pd-H2 system 

 

3.1.3 Pressure-Composition-Temperature measurements on ZrCo-H2/D2 systems 

Hydrogen/deuterium desorption PCIs at different experimental temperatures for ZrCo-H2/D2 

systems are shown in Figure 3.6. It is evident from Figure 3.6, that ZrCo-H2/D2 systems 

exhibit a single desorption plateau at all experimental temperatures and the plateau width 

decreases with increasing the temperature. The reaction involved in de-hydrogenation/de-

deuteration of ZrCo hydride/deuteride which results in single desorption plateau for all the 

isotherms can be written as: 

2/3 ZrCoX3 ↔ 2/3 ZrCo + X2  (X = H or D)      (3.2) 

The temperature dependence of the equilibrium plateau pressure for ZrCo-H2 system is best 

represented by the van‟t Hoff plot, shown in Figure 3.7. Equilibrium plateau pressure values 

corresponding to X/f.u. = 1 were taken for construction of the van't Hoff plots. A linear 

relation was observed for the temperature dependence of equilibrium plateau pressure and is 

represented by the van't Hoff relations. The van't Hoff relations obtained for ZrCo-H2/D2 

systems are as follows: 

ZrCo-H2 system 

log(P/Pa) = -4369/(T/K) + 11.4       (3.3) 
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ZrCo-D2 system 

log(P/Pa) = -4403/(T/K) + 11.5       (3.4) 

Using these van‟t Hoff relations the enthalpy (ΔrH
o
) and entropy (ΔrS

o
) changes for the /de-

hydrogenation/de-deuteration of ZrCo hydride/deuteride were deduced at the average 

experimental temperature of 563 K and listed in Table 3.1.  

 

 

Figure 3.6: Hydrogen/deuterium PCIs for (a) ZrCo-H2  and (b) ZrCo-D2 systems 

 

Several reports are available in the literature about the PCIs of ZrCo-H2/D2 systems both in 

hydrogen/deuterium absorption and desorption modes of measurements. The variation of 

desorption plateau pressure with temperature obtained in this study is compared with those 

reported in the literature [41, 68, 69, 94, 95] in Figure 3.7. It is evident from this comparison 

that there is considerable scatter in the reported data. However, the data obtained in this study 

are encompassed within the extreme limits of scattering reported in the literature. For a better 

assessment of PCT data, it is important to directly compare the thermodynamic parameters 

like enthalpy and entropy change of de-hydrogenation/de-deuteration reactions derived from 

the van‟t Hoff plots. This comparison is made in Table 3.1. 
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Figure 3.7: Comparison of van’t Hoff plot obtained in this study with those reported in 

literature for the desorption isotherms of (a) ZrCo-H2 and (b) ZrCo-D2 systems 

 

Table 3.1: Comparison of thermodynamic parameters of dehydrogenation reaction of 

ZrCo-H2 system 

Authors/year [Ref.] rH/ 

kJ mole H2 

rS/ 

J/mole H2K 

x= 

X/f.u. 

Temperature 

Range/K 

Jat et al./2012 [This study] Hydride 83.7 ± 3.9 122.0 ± 3.9 1.0 524-624 

Deuteride 84.3 ± 0.6 124.5 ± 1.1 1.0  

Bekris et al./2000 [41]  54.7 77.9 1.0 323-573 

Gongli et al./2007 [69]  97.8 145.5 -- 573-633 

Kost et al./1980 [94] Hydride 116.5 171.1 0.8 523-623 

Deuteride 81.6 117.9 0.8 503-588 

Heics and Shmayda/1992 

[95] 

 75.8 111.1 0.8 373-623 

Zhuo et al./2006 [68]  63.1 101.9 -- 578-633 
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It is evident from Table 3.1 that the enthalpy and entropy data obtained in this study are very 

close to the average of all the reported literature data. Moreover, thermodynamic analysis of 

different metal/alloy-Hydrogen systems by Anderson [30] suggests that the entropy of 

dehydrogenation reaction should be ~130 J/(mol H2·K) which roughly corresponds to the 

gain in entropy due to the translational degree of freedom when hydrogen is desorbed form 

the metal hydride to the gas phase. In the present study the entropy of de-hydrogenation 

reaction was found to be 122 ± 4 J/(mol H2·K) which is close to the value suggested by 

Anderson [30]. This suggests that the data obtained in this study are reasonably accurate. 

It is evident from Table 3.1 that the enthalpy of de-deuteration reaction is found to be higher 

than that of de-hydrogenation reaction. This trend can be attributed to the occupancy of 

hydrogen/deuterium atoms in tetrahedral sites of ZrCoX3 [96]. It can be seen from Figure 

1.10, that the tetrahedral potential profile is narrow and steeper than that of the octahedral 

potential profile [39]. Hence, the relative change in zero-point energy of deuterium from 

gaseous molecules to deuteride state is higher than that of hydrogen, means │ED│> │EH│, 

which in turn results in more enthalpy of reaction for reactions involving deuterium than that 

of hydrogen.  

The free energy of hydrogen/deuterium desorption reaction (ΔrG
o
) presented in Eq. 3.2 can be 

written as; 

ΔrG
o
 = ΔrH

o
 - TΔrS

o
 = -RT ln(P/Pa)       (3.5) 

where P is the equilibrium pressure of hydrogen/deuterium gas. In the form of equilibrium 

pressure the Eq. 3.5 can be written as; 

ln(P/Pa) = -ΔrH
o
/RT + ΔrS

o
/R        (3.6) 

It can be seen from Eq. 3.6 that the overall hydrogen isotope effect on the equilibrium 

pressure of hydrogen arises from the interplay of two thermodynamic factors namely, entropy 

and enthalpy that control the relative stabilities of the corresponding isotopic hydrides. The 
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value of entropy of desorption reaction (ΔrS
o
) for the heavier isotope hydride is more positive 

than the lighter ones, as the absolute entropies of hydrogen isotopes in the gas phase follow 

the order S
o
(T2)>S

o
(D2)>S

o
(H2) [42], leading to a „positive or normal‟ isotope effect. The 

enthalpy of hydrogenation/de-hydrogenation reaction also decides the nature of isotope 

effect. When the ΔrH
o
 of the lighter isotope hydride is more than the heavier isotope hydrides, 

a normal isotope effect is observed for the system, irrespective of temperature. In this case, 

the plateau pressure of the hydrogen isotopes will follow the trend: p(T2) >p(D2) >p(H2) at all 

temperatures. On the other hand, when the ΔrH
o
 of the heavier isotope hydride is more than 

the lighter ones, a temperature dependent isotope effect is expected. Below a certain 

temperature, inverse isotope effect will be observed whereas above this temperature the 

isotope effect is normal. It is evident from Table 3.1 that there is no substantial isotopic effect 

on the enthalpy of dehydrogenation/de-deuteration for ZrCo-H2/D2 systems. Hence, the 

difference in equilibrium plateau pressure arises due to the difference in entropy of reaction 

for hydrides and deuterides. Since the entropy of desorption reaction (ΔrS
o
) for deuterides is 

higher than that of hydrides, a normal isotope effect is observed for all the alloys. This leads 

to higher equilibrium pressure of deuterium than that of hydrogen. The normal isotope effect 

for ZrCo alloy can be confirmed from the lower desorption temperature (Tdes) for the 

deuterides (677 K) than the corresponding hydrides (683 K). Based on these observation, it is 

expected that for ZrCo alloy the equilibrium pressure will follow the trend: p(T2) >p(D2) 

>p(H2). 
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3.2 Storage behavior of ZrCo1-xNix alloys 

3.2.1 Materials Characterization 

The X-ray diffraction patterns of ZrCo1-xNix alloys are shown in Figure 3.8. Phase 

identification of alloys was confirmed by comparing their XRD patterns with the JCPDS 

(Joint Committee on Powder Diffraction Standards) files [89].  

 

Figure 3.8: X-ray diffraction patterns of ZrCo1-xNix alloys: (a) x = 0, (b) x = 0.1, (c) x = 

0.2 and (d) x = 0.3 

It is evident from X-ray diffraction patterns of ZrCo1-xNix alloys, Figure 3.8, that trace 

amount of ZrCo2 phase is present in all the alloys. This is in accordance with the observations 

of Harris et al. [90] that a single phase of ZrCo is extremely difficult to prepare. Figure 3.8 

also confirms the formation of b.c.c. (CsCl-type) single cubic phase similar to ZrCo for all 

ZrCo1-xNix alloys, except for ZrCo0.7Ni0.3 alloy.  Further, it is observed from Figure 3.8 that 

trace amount of orthorhombic (CrB-type) phase, similar to ZrNi phase, is present in 
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ZrCo0.7Ni0.3 alloy. This observation is also in accordance with the earlier studies by Carvalho 

and Harris [97], which reports that b.c.c. (CsCl-type) phase exists from x = 0 to 14 atom % . 

Further, the lattice parameters and phase abundances of the alloys were calculated by 

Rietveld refinement of XRD data using the FULLPROF program [79]. A representative 

Rietveld refinement pattern for ZrCo0.9Ni0.1 alloy is shown in Figure 3.9. The refinement 

results for all the ZrCo1-xNix alloys are listed in Table 3.2.  

 

Figure 3.9: Rietveld refinement of X-ray diffraction pattern of ZrCo0.9Ni0.1 alloy. The 

tick marks indicate ZrCo (top) and ZrCo2 (bottom) phases 

It can be seen from Table 3.2 that lattice parameter and unit cell volume of the b.c.c. ZrCo1-

xNix alloys increases with increase in Ni content. Similar behavior of lattice expansion with 

increase in Ni content was also observed by Carvalho and Harris [97] and Hossain et al. [92]. 

The expansion of lattice with increase in Ni content indicates that the simple atomic size 

consideration can't explain the trend of lattice parameters. Hence, there may be the effect of 

number of electrons which in turn affect the filling of d-band. In ZrCo1-xNix alloys, the 

increase in Ni content will fill the d-like band which could lead to expansion of lattice due to 
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a relaxation of the bonding [92]. Lattice expansion anomalies were also reported in the 

palladium based alloys and attributed to “d-band effects" [98]. 

Table 3.2: Rietveld refinement results of X-ray diffraction patterns of ZrCo1-xNix alloys. 

Alloy Lattice parameters of 

major constituent phase 

(ZrCo Phase)/ Å 

Cell volume of major 

constituent phase 

(ZrCo Phase)/ Å
3
 

Phase abundances/ vol% 

ZrCo 

phase 

ZrCo2 

phase 

ZrNi 

phase 

ZrCo 3.1957 ± 0.0001 32.637 ± 0.002 99 1 0 

ZrCo0.9Ni0.1 3.1971 ± 0.0042 32.678 ± 0.074 99 1 0 

ZrCo0.8Ni0.2 3.1982 ± 0.0041 32.713 ± 0.072 97 3 0 

ZrCo0.8Ni0.3 3.1988 ± 0.0020 32.731 ± 0.035 93 2 5 

 

The XRD patterns of the hydride/deuteride phases are shown in Figure 3.10 & 3.11. Phase 

identification of hydrides/deuterides is carried out by comparing their XRD patterns with the 

JCPDS (Joint Committee on Powder Diffraction Standards) files [89]. This reveals that, all 

the ZrCo1-xNix hydrides/deuterides forms a single orthorhombic phase similar to ZrCoH3.  
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Figure 3.10: X-ray diffraction patterns of hydrides of ZrCo1-xNix alloys: (a) x = 0, (b) x = 

0.1, (c) x = 0.2 and (d) x = 0.3 

 

Figure 3.11: X-ray diffraction patterns of deuterides of ZrCo1-xNix alloys: (a) x = 0, (b) x 

= 0.1, (c) x = 0.2 and (d) x = 0.3 
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The SEM images of all ZrCo1-xNix alloys and the hydride of one composition with x = 0 are 

shown in Figure 3.12. It is evident from Figure 3.12 that all ZrCo1-xNix alloys exhibit a 

cleavage type surface whereas the hydride phase shows a cleavage type fracture surface. The 

cracks generated in the hydride phase are attributed to the lattice expansion of ZrCo alloy 

upon hydrogenation.  

 

Figure 3.12: SEM images of ZrCo1-xNix alloys at magnifications of 5000X: (a) x = 0, (b) x 

= 0.1, (c) x = 0.2, (d) x = 0.3, (e) & (f) hydride of ZrCo0.9Ni0.1 at magnifications of 5000X 

and 20000X, respectively 
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The EDAX microanalysis carried out at different morphological positions of the alloy reveals 

an average composition over the entire sample which is in accordance with the nominal 

composition of the alloys. The average chemical compositions of ZrCo1-xNix alloys obtained 

by EDAX microanalysis are given in Table 3.3. The homogeneity of the alloys is confirmed 

by elemental mapping. The elemental mapping images of ZrCo0.9Ni0.1 alloy are shown in 

Figure 3.13. It is evident from Figure 3.13 that a uniform distribution of all three elements Zr, 

Co and Ni is observed, which reveals the homogeneous nature of the alloy. Similar pattern of 

uniform distribution of constituent elements is observed for all the alloys. 

 

Figure 3.13: Elemental mapping images of ZrCo0.9Ni0.1 alloy. 
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Table 3.3: The average chemical compositions (atom %) of ZrCo1-xNix alloys obtained 

by EDAX microanalysis. 

Alloy Zr Lα1 Co Kα1 Ni Kα1 

ZrCo 50.2 49.8  

ZrCo0.9Ni0.1 50.5 44.3 5.2 

ZrCo0.8Ni0.2 49.8 40.7 9.5 

ZrCo0.7Ni0.3 50.7 34.5 14.8 

 

3.2.2 Pressure-Composition-Temperature measurements on ZrCo1-xNix-H2/D2 systems 

The hydrogen/deuterium desorption pressure-composition-temperature (PCT) profiles 

generated for ZrCo1-xNix-H2/D2 systems are shown in Figure 3.14 & 3.15. For better 

comparison the PCT data of ZrCo-H2/D2 system is also shown in Figure 3.14 & 3.15.  

 

Figure 3.14: Hydrogen desorption pressure-composition isotherms for ZrCo1-xNix-H2 

systems: (a) x = 0, (b) x = 0.1 (c) x= 0.2 and (d) x = 0.3 
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It is evident from all the PCT data depicted in Figure 3.14 & 3.15 that in the temperature 

range of investigation, all the hydrides/deuterides show a single desorption plateau. The 

reaction involved in the process of de-hydrogenation/de-deuteration of ZrCo1-xNix 

hydride/deuteride which results in single desorption plateau for all the isotherms can be 

written as; 

2/3 ZrCo1-xNixX3 ↔ 2/3 ZrCo1-xNix + X2 (X = H or D)    (3.7) 

 

 

Figure 3.15: Deuterium desorption pressure-composition isotherms for ZrCo1-xNix-D2 

systems: (a) x = 0, (b) x = 0.1 (c) x= 0.2 and (d) x = 0.3 

The temperature dependence of the equilibrium plateau pressure for ZrCo1-xNix-H2/D2 

systems is best represented by the van‟t Hoff plot, shown in Figure 3.16. Equilibrium plateau 

pressure values corresponding to X/f.u. = 1 were taken for construction of the van't Hoff 

plots. A linear relation was observed for the temperature dependence of equilibrium plateau 
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pressure and is represented by the van't Hoff relations. The van't Hoff relations obtained for 

ZrCo1-xNix –H2/D2 systems are as follows: 

ZrCo1-xNix –H2 systems: 

log(P/Pa) = -4983/(T/K) + 12.5  (x = 0.1)    (3.8) 

log(P/Pa) = -4876/(T/K) + 12.5  (x = 0.2)    (3.9) 

log(P/Pa) = -4834/(T/K) + 12.5  (x = 0.3)    (3.10) 

 

ZrCo1-xNix –D2 systems: 

log(P/Pa) = -4989/(T/K) + 12.6  (x = 0.1)    (3.11) 

log(P/Pa) = -4930/(T/K) + 12.6  (x = 0.2)    (3.12) 

log(P/Pa) = -4852/(T/K) + 12.6  (x = 0.3)    (3.13) 

 

From the van‟t Hoff plot the enthalpy and entropy change for the de-hydrogenation/de-

deuterartion of ZrCo1-xNix hydrides/deuterides are deduced at the average experimental 

temperature of 563 K and listed in Table 3.4. 

 

 

Figure 3.16: van’t Hoff plots for ZrCo1-xNix-H2/D2 systems 
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Several reports are available in the literature about the PCT relations in the ZrCo-H2/D2 

system which is summarized in Section-3.1.3. However, to the best of our knowledge there is 

very limited PCT data for the Ni- substituted analogues. Only the report by Irvine and Harris 

[66] shows the PCT relations for ZrCo-H2 and ZrCo0.84Ni0.16-H2 systems from 423 to 773 K. 

In their study, Irvine and Harris [66] have observed two plateau regions both for ZrCo-H2 and 

ZrCo0.84Ni0.16-H2 systems. However, all other literature reports [33, 41, 43, 53, 59, 60-62, 67-

69, 99, 100] have proved that there is only a single plateau for the ZrCo-H2 system. In the 

present study, we have observed only a single plateau for both ZrCo-H2 and ZrCo1-xNix-H2/D2 

systems. 

Table 3.4: Thermodynamic functions for desorption of hydrogen/deuterium in ZrCo1-

xNix-H2/D2 systems. 

System rH
o
 

(kJ/mole H2) 

rS
o
 

(J/(mole H2K)) 

Tdes (K) 

 ZrCo  Hydride 83.7 ± 3.9 122.2 ± 3.9 683 

Deuteride 84.3 ± 0.6 124.5 ± 1.1 677 

ZrCo0.9Ni0.1  Hydride 95.4 ± 0.9 144.1 ± 0.8 664 

Deuteride 95.5 ± 0.4 145.5 ± 1.2 656 

ZrCo0.8Ni0.2  Hydride 93.4 ± 3.3 143.9 ± 3.4 650 

Deuteride 94.4 ± 1.3 145.5 ± 1.2 645 

ZrCo0.7Ni0.3  Hydride 92.6 ± 2.3 143.9 ± 2.5 644 

Deuteride 92.9 ± 1.6 145.5 ± 2.3 638 

 

It is evident from the data reported in Table 3.4 that the Ni-substitution substantially changes 

the enthalpy and entropy of dehydrogenation reaction compared to ZrCo-H2 system. The 

enthalpy change for de-hydrogenation/de-deuteration reactions of Ni substituted 

hydrides/deuterides is found to be higher than that of pure ZrCo hydrides/deuterides. This can 

be attributed to the higher enthalpy of formation of Ni hydrides than that of Co hydrides, as is 

evident in Table 1.4. Another important observation from Figure 3.16 is that desorption 
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plateau pressure increases with increasing the Ni-content in the ZrCo1-xNix-H2 system. 

However, for the composition with x = 0.1, the desorption plateau pressure is lower than that 

of ZrCo-H2 system below 543 K. Similar behavior of the crossover of van't Hoff plots is also 

observed in for ZrCo-D2 and ZrCo0.9Ni0.1-D2 systems. Purely based on general analogy, when 

a non-hydriding element such as Co is replaced by a hydriding element such as Ni, the 

stability of hydride phase is supposed to increase. However, the trend observed in this study 

shows that Ni-substitution is destabilizing the hydride phase due to which desorption plateau 

pressure increases. Lundin et al. [101] have tried to correlate the effect of interstitial hole size 

on the stability of hydrides of AB- and AB5-type intermetallic compounds. They have 

observed that the increase in tetrahedral hole size increases the stability of hydrides. In order 

to apply these correlations to explain the trend observed in the present study, it is essential to 

know the effect of Ni content on the interstitial hole sizes in the ZrCo1-xNix alloys which has 

to be generated by further experiments or modeling. 

For the practical application of these metal-hydrogen systems in ITER SDS, it is essential to 

know the desorption temperature (Tdes) for release of 100 kPa of hydrogen. From the van‟t 

Hoff relations, the desorption temperature (Tdes) for the ZrCo1-xNix-H2/D2 systems were 

calculated. The variation of Tdes with Ni content is shown in Figure 3.17. It is evident from 

this figure that the Tdes decreases with increase in Ni-content without affecting the storage 

capacity, which suggests that Ni-substituted ZrCo alloys are favorable for use in ITER SDS. 
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Figure 3.17: Variation of Tdes with Ni content in ZrCo1-xNix alloys 

A comparison of thermodynamic parameters for ZrCo1-xNix-H2 and ZrCo1-xNix-D2, Table 3.4, 

reveal that the equilibrium plateau pressures for ZrCo1-xNix -D2 systems are higher than that 

of ZrCo1-xNix -H2 systems which is expected based on normal hydrogen isotope effect [40].  

It can be seen from Eq. 3.6 that the hydrogen isotope effect on the equilibrium pressure of 

hydrogen arises from the interplay of two thermodynamic factors namely, entropy and 

enthalpy that control the relative stabilities of the corresponding isotopic hydrides. The 

interplay of two thermodynamic parameters and the net hydrogen isotope effect is discussed 

in detailed in Section-3.1.3.  It is evident from Table 3.4 that there is no substantial isotopic 

effect on the enthalpy of dehydrogenation/de-deuteration for ZrCo1-xNix-H2/D2 systems. 

Hence, the difference in equilibrium plateau pressure arises due to the difference in entropy 

of reaction for hydrides and deuterides. Since the entropy of desorption reaction (ΔrS
o
) for 

deuterides is higher than that of hydrides, a normal isotope effect is observed for all the 

alloys. The normal isotope effect for all ZrCo1-xNix alloys can also be confirmed from Figure 

3.17, which indicates the lower desorption temperature (Tdes) for the deuterides than the 
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corresponding hydrides. Based on these observation, it is expected that the equilibrium 

pressure will follow the trend: p(T2) >p(D2) >p(H2) for all ZrCo1-xNix alloys. 

 

3.2.3 Hydrogen absorption-desorption cyclic life studies 

The reversible storage capacity of any hydrogen storage material mainly relies on its long-

term cyclic stability. Hence, the absorption-desorption cyclic life studies of ZrCo1-xNix-H2 

systems are investigated in the present study as described in the Section-2.5. Effect of 

hydrogen absorption-desorption cycles on the storage capacity of ZrCo1-xNix alloys is shown 

in Figure 3.18.  

 

Figure 3.18: Effect of hydrogen absorption-desorption cycles on the storage capacity of 

ZrCo1-xNixalloys at 583 K 

It is evident from Figure 3.18 that the hydrogen absorption capacity (H/f.u.) at 583 K for 

ZrCo and ZrCo0.9Ni0.1 alloys decrease substantially up to 10 repeated cycles after which it 

remains almost constant. For the alloys of compositions ZrCo0.8Ni0.2 and ZrCo0.7Ni0.3, the 

absorption capacity decreases slightly upto 3 repeated cycles after which there is small 
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gradual decrease in H/f.u. up to 50 cycles. However, the final absorption capacity after 50 

repeated cycles follow the trend: ZrCo0.7Ni0.3> ZrCo0.8Ni0.2> ZrCo > ZrCo0.9Ni0.1. 

The XRD patterns of the hydride phase after 50
th

 cycles are shown in Figure 3.19. It is clearly 

evident from this figure that the hydrides of all the alloys form a small fraction of ZrCo2 and 

ZrH2 along with ZrCoH3 as the major product. Hence, it can be inferred that hydrogen 

absorption-desorption cycles results in disproportionation according to reaction in Eq. 1.24. 

However, due to very small particle size after 50 cycles of absorption-desorption, the XRD 

pattern of the sample did not show very sharp and high intensity peaks. Therefore, it was not 

possible to carry out Rietveld refinement to calculate phase fractions in the samples. In 

absence of accurately quantifying the amount of phase fractions of ZrH2 and ZrCo2  the 

extent of disproportionation reaction could not be ascertained.   

 

Figure 3.19: X-ray diffraction patterns of hydride phases after 50
th

 cycles: (a) x = 0, (b) 

x = 0.1, (c) x = 0.2 and (d) x = 0.3 
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The crystallite sizes of hydrides before and after 50
th

 cycle of hydrogen absorption-desorption 

are calculated by using the Scherrer formula [102] and are listed in Table 3.5.  It is observed 

that upon cycling the crystallite size decreases significantly for compositions of x = 0 and 0.1, 

whereas the change is very small for compositions of x = 0.2 and 0.3. It is proposed from the 

above trend in crystallite size that the disproportionation kinetics is faster for compositions of 

x = 0 and 0.1 than that for x = 0.2 and 0.3.  

Table 3.5: Effect of hydrogen absorption-desorption cycles on crystallite size of ZrCo1-

xNix hydrides. 

Compound Crystallite size (Å) 

Before cycling After 50
th

 cycle 

ZrCo hydride 135 69 

ZrCo0.9Ni0.1 hydride 121 67 

ZrCo0.8Ni0.2 hydride 136 112 

ZrCo0.7Ni0.3 hydride 158 136 
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Figure 3.20: X-ray diffraction patterns of de-hydrided phases after 50
th

 cycle: (a) x = 0, 

(b) x = 0.1, (c) x = 0.2 and (d) x = 0.3 

Further, the XRD pattern of the de-hydrided phase after 50
th

 cycle is shown in Figure 3.20. A 

comparison of Figure 3.8 with Figure 3.20 reveals that the fraction of ZrCo2 phase appears in 

the cycled samples which can be attributed to hydrogen induced disproportionation upon 

successive hydrogen absorption-desorption cycles. 
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3.3 Storage behavior of ZrCo0.9Fe0.1 alloy 

3.3.1 Materials Characterization 

The phase diagram of Co-Fe system suggests that Fe has very limited solubility (~10 atom% 

at 773 K) in Co [91]. Therefore, in the present work it was decided to investigate the 

hydrogen isotope storage behavior of ZrCo0.9Fe0.1 alloy. Figure 3.21 represent the X-ray 

diffraction patterns of ZrCo0.9Fe0.1 alloy and its hydride/deuteride.  

 

Figure 3.21: X-ray diffraction pattern of ZrCo0.9Fe0.1 alloy, its hydride and deuteride 
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Formation of the alloy and its hydride/deuteride were confirmed by comparing their X-ray 

diffraction patterns with the JCPDS (Joint Committee on Powder Diffraction Standards) files 

[89]. It is evident from Figure 3.21 that alike ZrCo, ZrCo0.9Fe0.1 alloy also has a small amount 

of ZrCo2 impurity phase. This figure also confirms the formation of a cubic phase 

ZrCo0.9Fe0.1 alloy similar to ZrCo. The XRD patterns shown in Figure 3.21 unveil the 

formation of a single orthorhombic phase similar to ZrCoH3 for both the ZrCo0.9Fe0.1 hydride 

and deuteride. The lattice parameter and cell volume of the ZrCo0.9Fe0.1 alloy were calculated 

by Rietveld refinement of XRD data using the FULLPROF program [79]. Rietveld 

refinement pattern of ZrCo0.9Fe0.1 alloy is shown in Figure 3.22. 

 

Figure 3.22: Rietveld refinement of X-ray diffraction pattern of ZrCo0.9Fe0.1 alloy. The 

tick marks indicate ZrCo (top) and ZrCo2 (bottom) phases 
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The refinement results are listed in Table 3.6 and compared with the corresponding 

parameters of ZrCo alloy. The values of lattice parameter and cell volume for ZrCo0.9Fe0.1 

alloy are found to be slightly higher than that of ZrCo alloy,  which is in accordance with 

their atomic radii values (atomic radii of Co = 1.25 Å and Fe = 1.26 Å). However, the phase 

fraction of ZrCo2 impurity phase was found to be ~4% in ZrCo0.9Fe0.1 alloy as compared to 

the value of ~1% for the ZrCo alloy. 

Table 3.6: Lattice parameters and unit cell volume of ZrCo and ZrCo0.9Fe0.1 alloys. 

Alloy Lattice parameters 

of major 

constituent phase 

(ZrCo Phase) / Å 

Unit cell volume of 

major constituent 

phase (ZrCo Phase) / 

Å
3
 

Phase 

abundances/ vol% 

Ref. 

ZrCo 

phase 

ZrCo2 

phase 

ZrCo 3.1957 (1) 32.637 (2) 99 1 This study 

ZrCo0.9Fe0.1 3.1959 (2) 32.642 (4) 96 4 This study 

 

The SEM images of ZrCo0.9Fe0.1 alloy and its hydride are shown in Figure 3.23. This reveals 

a cleavage type surface for ZrCo0.9Fe0.1 alloy and a cleavage type fracture surface for the 

hydride phase. The presence of cracks in SEM image of hydride phase can be attributed to 

the expansion of lattice of ZrCo0.9Fe0.1 alloy upon hydrogenation. The EDX spectra of 

ZrCo0.9Fe0.1 alloy is shown in Figure 3.24. The microanalysis carried out at different 

morphological positions of the alloy was used to find out the average composition of the 

alloy which is in accordance with the nominal composition. The homogeneity of the alloy 

was confirmed by elemental mapping. The elemental mapping images of ZrCo0.9Fe0.1 alloy 

are shown in Figure 3.25 which reveals the homogeneous nature of the alloy. 
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Figure 3.23: SEM images of (a) ZrCo0.9Fe0.1 alloy at magnifications of 1000x, (b) & (c) 

hydride of ZrCo0.9Fe0.1 at magnifications of 1000x and 5000x, respectively 

 

 

Figure 3.24: EDS spectra of ZrCo0.9Fe0.1 alloy 
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Figure 3.25: Elemental mapping images of ZrCo0.9Fe0.1 alloy 

 

3.3.2 Pressure-Composition-Temperature measurements on ZrCo0.9Fe0.1-H2/D2 

systems 

The hydrogen/deuterium desorption pressure-composition isotherms for ZrCo0.9Fe0.1-H2/D2 

systems are shown in Figure 3.26. The reactions involved in the pressure-composition 

isotherms for hydride and deuterides can be written as: 

ZrCo0.9Fe0.1H3  ↔ ZrCo0.9Fe0.1 + 3/2 H2      (3.14) 

ZrCo0.9Fe0.1D3  ↔ ZrCo0.9Fe0.1 + 3/2 D2      (3.15) 
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It is evident from all the isotherms shown in Figure 3.26 that in the temperature range of 

investigation, both the hydride and deuteride show a single desorption plateau and the plateau 

width is found to decrease with increase in temperature. A van't Hoff plot was constructed 

using the plateau pressure data and the thermodynamic parameters were calculated using the 

van't Hoff equation for hydrogen/deuterium desorption reaction. The van't Hoff relations 

obtained for ZrCo0.9Fe0.1-H2/D2 systems are as follows; 

ZrCo0.9Fe0.1-H2 system 

log(P/Pa) = -3613/(T/K) + 10.0       (3.16) 

ZrCo0.9Fe0.1-D2 system 

log(P/Pa) = -3633/(T/K) + 10.1       (3.17) 

The van‟t Hoff plot for ZrCo0.9Fe0.1-H2/D2 systems are shown in Figure 3.27. Using these 

van‟t Hoff relations the enthalpy (ΔrH
o
) and entropy (ΔrS

o
) change for the /de-

hydrogenation/de-deuteration of ZrCo0.9Fe0.1 hydride/deuteride were deduced at the average 

experimental temperature of 553 K and listed in Table 3.7. 

 

Figure 3.26: Hydrogen/deuterium desorption pressure-composition isotherms for (a) 

ZrCo0.9Fe0.1-H2 and (b) ZrCo0.9Fe0.1-D2 systems 
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Figure 3.27: van’t Hoff plots for ZrCo0.9Fe0.1-H2/D2 systems 

 

Table 3.7: Thermodynamic functions for desorption of hydrogen/deuterium in ZrCo-

H2/D2 and ZrCo0.9Fe0.1-H2/D2 systems. 

System rH 

(kJ/mole H2)  

rS 

(J/(mole H2K)) 

Tdes 

(K) 

Ref. 

ZrCo-H2  83.7 ± 3.9 122.2 ± 3.9 683 This study 

ZrCo-D2 84.3 ± 0.6 124.5 ± 1.1 677 This study 

ZrCo0.9Fe0.1-H2 69.2 ± 1.5  95.7 ± 1.0  723 This study 

ZrCo0.9Fe0.1-D2 69.6 ± 1.2 97.7 ± 1.0 712 This study 
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In addition, a comparison of the thermodynamic parameters for ZrCo0.9Fe0.1-H2/D2 and ZrCo-

H2/D2 systems are made in Table 3.7. This comparison reveals that the values of enthalpy and 

entropy of dehydrogenation reaction for ZrCo0.9Fe0.1-H2 system differs significantly from the 

values for ZrCo-H2/D2 systems. The enthalpy change for de-hydrogenation/de-deuteration 

reactions of Fe substituted hydrides/deuterides is found to be lower than that of pure ZrCo 

hydrides/deuterides. This can be attributed to the lower enthalpy of formation of Fe hydride 

than that of Co hydride, as is evident in Table 1.4. It is evident from Table 3.7 that the values 

of entropy changes for the ZrCo0.9Fe0.1-H2/D2 systems are ~95 J/(mole H2K) which is 

substantially lower than the values observed for ZrCo-H2/D2 systems discussed in section-

3.1.3. For most of the simple binary metal hydride systems, the average value of entropy 

change is nearly equal to 130 J/(mole H2K) which corresponds to the loss of hydrogen 

entropy from gas to solid phase. However, to our knowledge, this is not a universal rule and 

for many hydrides, this value substantially vary from the ideal value of 130 J/(mole H2K). In 

particular, a survey of literature on Fe-substituted alloys [103, 104] shows that the entropy 

change is very low reaching around ~61 J/(mole H2K) [104] for the iron containing 

compounds. The results of present study also corroborate with earlier observations for iron 

bearing compounds. However, there is no sound explanation reported for this discrepancy in 

Fe-substituted alloys. 

It can be seen from Eq. 3.6 that the hydrogen isotope effect on the equilibrium pressure of 

hydrogen/deuterium depends on the values of enthalpy and entropy change for a particular 

reaction involved [40].  Thereby, the interplay of these two thermodynamic factors controls 

the relative stability of the corresponding isotopic hydrides. It can be seen from Table 3.7 that 

the values of enthalpy of de-hydrogenation and de-deuteration for ZrCo0.9Fe0.1-H2/D2 systems 

do not differ much. Therefore, the nature of isotope effect for ZrCo0.9Fe0.1 alloy will arise due 

to the difference in entropy of reactions shown in Eqs. 3.14 and 3.15. The van't Hoff plots 
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presented in Figure 3.27 clearly show that the equilibrium plateau pressure of ZrCo0.9Fe0.1-D2 

system is higher than that of ZrCo0.9Fe0.1-H2 system. This order of equilibrium plateau 

pressures for H2 and D2 confirm the normal hydrogen isotope effect for ZrCo0.9Fe0.1 alloy. 

Based on the nature of isotope effect, it is expected that the trend in equilibrium pressure will 

be p(T2) >p(D2) >p(H2) for ZrCo0.9Fe0.1 alloy. 

 

3.3.3 Hydrogen absorption-desorption cyclic life studies 

Figure 3.28 shows the effect of absorption-desorption cycles on the storage capacity of 

ZrCo0.9Fe0.1 alloy at 583 K. For better understanding, the cyclic life studies on ZrCo0.9Fe0.1 

alloy is also compared with those of ZrCo alloy in Figure 3.28.  This reveals that the 

hydrogen absorption capacity (H/f.u.) of ZrCo alloy at 583 K decreases remarkably in first 10 

cycles and then it remains almost constant. However, for ZrCo0.9Fe0.1 alloy the hydrogen 

absorption capacity (H/f.u.) at 583 K decreases significantly up to 5th absorption-desorption 

cycle after which it remains almost constant. In order to interpret the effect of cyclic life, a 

comparison of the storage capacity before and after 50 cycles is summarized in Table 3.8. It 

is evident from Table 3.8 that percent decrease in the hydrogen storage capacity after 50 

cycles is almost double for ZrCo-H2 system compared to the ZrCo0.9Fe0.1-H2 system. It is also 

observed from Figure 3.28 and Table 3.8 that after 50 repeated cycles the final absorption 

capacity of ZrCo0.9Fe0.1 alloy is higher than that of ZrCo alloy. 
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Figure 3.28: Effect of hydrogen absorption-desorption cycles on the storage capacity of 

ZrCo0.9Fe0.1 and ZrCo alloys at 583 K 

 

Table 3.8: Effect of hydrogen absorption-desorption cycles on storage capacity of ZrCo 

and ZrCo0.9Fe0.1 alloys. 

System Storage capacity at 0.1 MPa and 298 K 

(H/f.u.) 

Decrease in storage 

capacity upon cycling (%) 

Before cycling After 50
th

 cycle 

ZrCo-H2 2.87 2.32 19.2 

ZrCo0.9Fe0.1-H2 2.77 2.50 8.5 
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The XRD patterns of the hydride/deuteride phase after 50
th

 cycle are shown in Figure 3.29. It 

is clearly evident from this figure that upon repeated hydriding/dehydriding cycles the major 

product ZrCoH3 is accompanied by formation of a small fraction of ZrCo2 and ZrH2 phases. 

Hence, it can be deduced that repeated hydrogen absorption-desorption cycles result in 

hydrogen induced disproportionation according to reaction in Eq. 1.24.  

 

Figure 3.29: X-ray diffraction patterns of ZrCo0.9Fe0.1 hydride phase after 50
th

 cycle 

 

Table 3.9: Effect of hydrogen absorption-desorption cycles on crystallite sizes of ZrCo 

and ZrCo0.9Fe0.1 hydrides. 

Compound Crystallite size (Å) Decrease in crystallite size 

upon cycling (%) Before cycling After 50
th

 cycle 

ZrCo hydride 135 69 49 

ZrCo0.9Fe0.1 hydride 79 59 25 

 

A comparison of XRD patterns shown in Figure 3.21 and Figure 3.29 reveals that the full 

width at half maximum (FWHM) of the X-ray diffraction peaks of ZrCo0.9Fe0.1 hydride is 
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found to increase upon cycling. The Scherrer formula [102] was used to calculate the 

crystallite sizes of ZrCo0.9Fe0.1 hydride before cycling and after 50
th

 hydrogen absorption-

desorption cycle and obtained values were listed in Table 3.9.  The crystallite size data for 

ZrCo-H2 system was also incorporated in the Table 3.9 for better comparison. It is clearly 

apparent from Table 3.9 that upon absorption-desorption cycling the crystallite size decreases 

significantly for ZrCo alloy as compared to ZrCo0.9Fe0.1 alloy. This trend in crystallite sizes 

can be attributed to the faster kinetics of disproportionation for ZrCo alloy than that of 

ZrCo0.9Fe0.1 alloy. Hence, it can be inferred from the cyclic life studies that the ZrCo0.9Fe0.1 

alloy has higher durability against hydrogen induced disproportionation than that of pure 

ZrCo alloy. 
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3.4 Storage behavior of Zr1-xTixCo alloys 

3.4.1 Materials Characterization 

The X-ray diffraction patterns of Zr1-xTixCo alloys are shown in Figure 3.30. Phase 

identification of alloys are confirmed by comparing their XRD patterns with the JCPDS 

(Joint Committee on Powder Diffraction Standards) files [89].  

 

Figure 3.30: X-ray diffraction patterns of Zr1-xTixCo alloys: (a) x = 0, (b) x = 0.1, (c) x = 

0.2 and (d) x = 0.3 

It is evident from X-ray diffraction patterns of Zr1-xTixCo alloys, Figure 3.30, that trace 

amount of ZrCo2 phase is present in all the alloys. Figure 3.30 also confirms the formation of 

b.c.c. (CsCl-type) cubic phase similar to ZrCo for all Zr1-xTixCo alloys.  

The lattice parameters and phase abundances of the alloys were calculated by Rietveld 

refinement of XRD data using the FULLPROF program [79]. A representative Rietveld 

refinement pattern for Zr0.8Ti0.2Co alloy is shown in Figure 3.31. The refinement results for 
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all the Zr1-xTixCo alloys are listed in Table 3.10. It is evident from Table 3.10 that lattice 

parameter and unit cell volume of the b.c.c. Zr1-xTixCo alloys was found to decrease with 

increase in Ti content. Similar behavior of lattice contraction was also observed by Zhuo et 

al. [68] and Zhao et al. [71]. The contraction of lattice with increase in Ti content can be 

explained based on the simple atomic size consideration of Ti and Zr atoms. 

 

Figure 3.31: Rietveld refinement of X-ray diffraction pattern of Zr0.8Ti0.2Co alloy. The 

tick marks indicate ZrCo (top) and ZrCo2 (bottom) phases 

Table 3.10: Rietveld refinement results of X-ray diffraction patterns of Zr1-xTixCo 

alloys. 

Alloy Lattice parameters of 

major constituent phase 

(ZrCo Phase)/ Å 

Cell volume of major 

constituent phase 

(ZrCo Phase)/ Å
3
 

Phase abundances/ vol% 

ZrCo phase ZrCo2 phase 

ZrCo 3.1957 ± 0.0001 32.637 ± 0.002 99 1 

Zr0.9Ti0.1Co 3.1788 ± 0.0001 32.120 ± 0.002 98 2 

Zr0.8Ti0.2Co 3.1591 ± 0.0001 31.528 ± 0.002 99 1 

Zr0.7Ti0.3Co 3.1404 ± 0.0001 30.972 ± 0.002 98 2 
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The XRD patterns of the hydride/deuteride phases are shown in Figure 3.32 & Figure 3.33. 

Comparison of XRD patterns with those reported in JCPDS (Joint Committee on Powder 

Diffraction Standards) files [89] reveal that, all the Zr1-xTixCo hydrides/deuterides forms a 

single orthorhombic phase similar to ZrCoH3. 

 

Figure 3.32: X-ray diffraction patterns of hydrides of Zr1-xTixCo alloys: (a) x = 0, (b) x = 

0.1, (c) x = 0.2 and (d) x = 0.3 
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Figure 3.33: X-ray diffraction patterns of deuterides of Zr1-xTixCo alloys: (a) x = 0, (b) x 

= 0.1, (c) x = 0.2 and (d) x = 0.3 

 

All Zr1-xTixCo alloys and their hydrides were characterized by SEM and the representative 

SEM images of Zr0.9Ti0.1Co alloy and its hydride are shown in Figure 3.34. This figure 

confirms that all Zr1-xTixCo alloys exhibit a cleavage type surface, whereas their hydride 

phases show a cleavage type fracture surface. The cracks generated in the hydride phase are 

attributed to the lattice expansion of ZrCo alloy upon hydrogenation. 
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Figure 3.34: SEM images of (a) Zr1-xTixCo alloy at magnifications of 1000x, (b) & (c) 

hydride of Zr1-xTixCo at magnifications of 1000x and 5000x, respectively. 

The EDX spectra of Zr0.9Ti0.1Co alloy is shown in Figure 3.35. The EDAX microanalysis 

carried out at different morphological positions of the alloy reveals an average composition 

over the entire sample which is in accordance with the nominal composition of the alloys. 

The homogeneity of the alloys is confirmed by elemental mapping. The elemental mapping 

images of Zr0.9Ti0.1Co alloy are shown in Figure 3.36. It is evident from Figure 3.36 that a 

uniform distribution of all three elements Zr, Ti and Co is observed, which reveals the 

homogeneous nature of the alloy. Similar pattern of uniform distribution of constituent 

elements is observed for all Zr1-xTixCo alloys. 

 

 

Figure 3.35: EDX spectra of Zr0.9Ti0.1Co alloy 
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Figure 3.36: Elemental mapping images of Zr0.9Ti0.1Co alloy. 

 

3.4.2 Pressure-Composition-Temperature measurements on Zr1-xTixCo-H2/D2 systems 

Figure 3.37 & Figure 3.38 show the hydrogen/deuterium desorption pressure-composition-

temperature (PCT) profiles generated for Zr1-xTixCo-H2/D2 systems. The PCT data of ZrCo-

H2/D2 system is also included in Figure 3.37 & Figure 3.38 for better composition. PCT data 

reveal that all the hydrides/deuterides show a single desorption plateau in the temperature 

range of investigation and the plateau width was found to decrease with increase in 

temperature. The reaction involved in the process of de-hydrogenation/de-deuteration of Zr1-

xTixCo hydride/deuteride which results in single desorption plateau for all the isotherms can 

be written as; 

2/3 Zr1-xTixCoX3 ↔ 2/3 Zr1-xTixCo + X2 (X = H or D)    (3.18) 
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Figure 3.37: Hydrogen desorption pressure-composition isotherms for Zr1-xTixCo-H2 

systems: (a) x = 0, (b) x = 0.1 (c) x= 0.2 and (d) x = 0.3 

 

By taking the equilibrium plateau pressure values corresponding to X/f.u. = 1, van‟t Hoff 

plots were constructed for the Zr1-xTixCo-H2/D2 systems, as shown in Figure 3.39. The van't 

Hoff relations obtained for Zr1-xTixCo-H2/D2 systems are as follows; 

Zr1-xTixCo-H2 systems: 

log(P/Pa) = -3474/(T/K) + 10.1  (x = 0.1)    (3.19) 

log(P/Pa) = -3327/(T/K) + 10.3  (x = 0.2)    (3.20) 

log(P/Pa) = -3012/(T/K) + 10.3  (x = 0.3)    (3.21) 
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Figure 3.38: Deuterium desorption pressure-composition isotherms for Zr1-xTixCo-D2 

systems: (a) x = 0, (b) x = 0.1 (c) x= 0.2 and (d) x = 0.3 

 

Zr1-xTixCo-D2 systems: 

log(P/Pa) = -3753/(T/K) + 10.7  (x = 0.1)    (3.22) 

log(P/Pa) = -3532/(T/K) + 10.7  (x = 0.2)    (3.23) 

log(P/Pa) = -3095/(T/K) + 10.5  (x = 0.3)    (3.24) 

 

The enthalpy and entropy change for the de-hydrogenation/de-deuterartion of Zr1-xTixCo 

hydrides/deuterides were derived from the van‟t Hoff relations, at the average experimental 

temperature of 563 K, and listed in Table 3.11.. 
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Figure 3.39: van’t Hoff plots for (a) Zr1-xTixCo-H2 and (b) Zr1-xTixCo-D2 systems. 

To the best of our knowledge, there is very limited data reported on Zr1-xTixCo-H2 systems 

[68, 71, 105, 106] and no one has reported the data on Zr1-xTixCo-D2 systems. Also, the data 

reported [68, 71, 105] on Zr1-xTixCo-H2 systems show considerable scatter. Table 3.11 

reveals that the enthalpy and entropy of dehydrogenation reaction changes substantially on 

substitution of Zr with Ti. Also the enthalpy change for de-hydrogenation/de-deuteration 

reactions of Ti substituted hydrides/deuterides is found to be lower than that of pure ZrCo 

hydrides/deuterides. Therefore, the trend observed in this study shows that Ti-substitution is 

destabilizing the hydride phase due to which desorption plateau pressure increases. It can be 

seen from Table 1.4, that zirconium hydride is more stable than that of titanium hydride, 

which may results in the lower value of enthalpy of formation for Ti substituted hydrides than 

that of pure ZrCo hydride. This is purely based on general analogy that when a strong-

hydriding element such as Zr is replaced by a comparatively less-hydriding element such as 

Ti, the stability of hydride phase is supposed to decrease. In addition to that, it is also evident 

from Table 3.10 that substitution of Zr with Ti decreases the lattice parameter and cell 

volume, which in turn decreases the stability of corresponding hydride. In this context, 

Lundin et al. [101] have tried to correlate the effect of interstitial hole size on the stability of 

hydrides of AB- and AB5-type intermetallic compounds. They have observed that the 
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decrease in tetrahedral hole size decreases the stability of hydrides. However, to apply these 

correlations to explain the trend observed in the present study, it is essential to know the 

effect of Ti content on the interstitial hole sizes in the Zr1-xTixCo alloys which has to be 

generated by further experiments or modeling. Effect of Ti content on desorption plateau 

pressure can be envisioned from Figure 3.39, which unveil that desorption plateau pressure in 

Zr1-xTixCo-H2 system increases with increasing the Ti-content. 

 

Table 3.11: Thermodynamic functions for desorption of hydrogen/deuterium in Zr1-

xTixCo-H2/D2 systems. 

System rH
o
 

(kJ/mole H2) 

rS
o
 

(J/(mole H2K)) 

Tdes (K) 

 ZrCo  Hydride 83.7 ± 3.9 122.2 ± 3.9 683 

Deuteride 84.3 ± 0.6 124.5 ± 1.1 677 

Zr0.9Ti0.1Co  Hydride 66.5 ± 0.3 97.7 ± 0.2 681 

Deuteride 71.9 ± 1.9 109.1 ± 1.8 658 

Zr0.8Ti0.2Co Hydride 63.7 ± 0.2 101.5 ± 0.2 628 

Deuteride 67.6 ± 0.3 109.1 ± 0.3 620 

Zr0.7Ti0.3Co Hydride 57.7 ± 2.0 101.5 ± 1.9 568 

Deuteride 59.3 ± 2.5 105.3 ± 2.4 563 

 

Desorption temperature (Tdes) for the Zr1-xTixCo-H2/D2 systems were derived from the van‟t 

Hoff relations and listed in Table 3.11. It is observed that the Tdes decreases with increase in 

Ti-content, which suggests that Ti-substituted ZrCo alloys have favorable properties over 

pure ZrCo alloy for their use in ITER SDS. 

A comparison of thermodynamic parameters for Zr1-xTixCo-H2 and Zr1-xTixCo-D2, Table 

3.11, reveal that the equilibrium plateau pressure for Zr1-xTixCo-D2 systems is higher than 

that of Zr1-xTixCo-H2 systems which is expected based on normal hydrogen isotope effect 

[40]. Section-3.1.3 deals with the detailed discussion about the parameters governing the net 
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hydrogen isotope effect on the equilibrium pressure of hydrogen.  Table 3.11 reveals that the 

enthalpy and entropy of dehydrogenation reaction changes substantially on substitution of Zr 

with Ti. Also the enthalpy change for de-hydrogenation/de-deuteration reactions of Ti 

substituted hydrides/deuterides is found to be lower than that of pure ZrCo 

hydrides/deuterides. Therefore, the trend observed in this study shows that Ti-substitution is 

destabilizing the hydride phase due to which desorption plateau pressure increases. It can be 

seen from Table 1.4, that zirconium hydride is more stable than that of titanium hydride, 

which may results in the lower value of enthalpy of formation for Ti substituted hydrides than 

that of pure ZrCo hydride. This is purely based on general analogy that when a strong-

hydriding element such as Zr is replaced by a comparatively less-hydriding element such as 

Ti, the stability of hydride phase is supposed to decrease. In addition to that, it is also evident 

from Table 3.10 that substitution of Zr with Ti decreases the lattice parameter and cell 

volume, which in turn decreases the stability of corresponding hydride. In this context, 

Lundin et al. [101] have tried to correlate the effect of interstitial hole size on the stability of 

hydrides of AB- and AB5-type intermetallic compounds. They have observed that the 

decrease in tetrahedral hole size decreases the stability of hydrides. However, to apply these 

correlations to explain the trend observed in the present study, it is essential to know the 

effect of Ti content on the interstitial hole sizes in the Zr1-xTixCo alloys which has to be 

generated by further experiments or modeling. Effect of Ti content on desorption plateau 

pressure can be envisioned from Figure 3.39, which unveil that desorption plateau pressure in 

Zr1-xTixCo-H2 system increases with increasing the Ti-content. 

 

Table 3.11 unveil that there is a substantial isotopic effect on the enthalpy of 

dehydrogenation/de-deuteration for Zr1-xTixCo-H2/D2 systems. Also the entropy of desorption 

reaction (ΔrS
o
) for deuterides is higher than that of hydrides. The interplay of enthalpy and 

entropy of desorption reaction for hydrides and deuterides decides the net hydrogen isotope 
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effect.  A normal isotope effect is observed for all the Zr1-xTixCo alloys which lead to higher 

equilibrium pressure of deuterium than that of hydrogen at a particular temperature. The 

normal isotope effect for all Zr1-xTixCo alloys can also be confirmed from Table 3.11, which 

indicates the lower desorption temperature (Tdes) for the deuterides than the corresponding 

hydrides. Considering the normal hydrogen isotope effect, the trend of equilibrium pressure 

for all Zr1-xTixCo alloys will be as follows: p(T2) >p(D2) >p(H2). 
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3.5 Structural studies on Zr-Co-M deuterides 

3.5.1 Neutron diffraction studies on ZrCo1-xNix deuterides 

Irodova et al. [107] reported that the ZrCoH3 is isostructural with the ZrNiH3. Though having 

similar structure, the hydrogen induced disproportionation behavior of both the compound is 

different. ZrNiH3 has higher durability against hydrogen induced disproportionation [108] in 

coparison to ZrCoH3. However, ZrNi alloy is not useful for storage of hydrogen isotopes as it 

has dual plateau region in the pressure-composition isotherms (PCIs) [109]. In our previous 

discussion in Section-0, we have shown that Ni substituted compounds ZrCo1-xNixH3 (x= 0.1, 

0.2 and 0.3) have improved hydrogen storage properties over ZrCo. It was also reported, that 

with increase in Ni content the dissociation temperature for supply of 100 kPa of hydrogen 

decreases and the the durability against hydrogen induced disproportionation increases.
 
Since 

the structures of both ZrCoH3 and ZrNiH3 are same, this gives a clue that difference between 

hydrogen storage properties of these compound can be attributed to occupancy of hydrogen 

in different interstitial sites. In the Cmcm space group the possible crystallographic sites for 

hydrogen occupation has been classified into three groups and the sites were identified by 

Wyckoff's notation [110]: 

(1) 4c1 sites surrounded by 4 Zr atoms at (0 y 1/4) lattice position. 

(2) 4c2, 8g1 and 8f1 site surrounded by 3 Zr and 1 Co/Ni atoms at (0 y ¼), (x y ¼) and (0 y z) 

respectively. The 4c2 site is located in a bipyramid made by a common triangular base of 3 Zr 

atoms and 2 Co/Ni atoms at the summit [64].  

(3)  8f2 and 8e sites surrounded by 2 Zr and 2 Co/Ni atoms at (0 y z) and (x 0 0) respectively. 

Simultaneous occupation of all these sites is not possible because as per Switendick criteria 

[111], only those metal hydrides are stable in which H-H distance is 2.1 Å or more. In 

addition to that Lundin et al. [101], also reported that for formation of a stable hydride the 

hole radii of interstitial site which is being occupied by hydrogen atom should be larger than 
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0.39 Å. Based on these criterias Westlake [96], had proposed that for ZrCoH3 only 4c2 and 

8f1 sites are occupied by hydrogen atoms which was in accordance with the neutron 

diffraction results of Irodova et al. [107]. These occupancies were exactly the same as for 

ZrNiH3 [112]. However, Jacob and Bloch [113] proposed another model based on Fermi 

distribution function which allowed the partial occupancies for aforementioned three group of 

sites. They predicted partial occupancy of 8f2 and 8e sites. Further, Bekris et al. [64] have 

predicted from their DSC data that ~4% of hydrogen occupies the interstitial sites in which 

the Zr-H distance is shorter than that of Zr-H distance in ZrH2. However, none of the above 

confirm their predictions by any experimental method. Hence, to fully understand the 

difference in disproportionation behaviour of ZrCoH3, ZrCo1-xNixH3, ZrCo0.9Fe0.1H3, and Zr1-

xTixCoH3, though they have similar crystal structure, it was felt necessary to study the 

interstitial site occupancies of hydrogen in these compounds. As XRD cannot locate 

hydrogen in the latice, therefore to locate sites of hydrogen occupancy  direct experimental 

technique like neutron powder diffraction (NPD) was utilized in the present investigation.  

Owing to high incoherent scattering nature of hydrogen atom, it was not possible to perform 

the neutron powder diffraction experiments with hydrides. Therefore, the NPD experiments 

were carried out on ZrCo1-xNix deuterides. Since, XRD method gives the higher accuracy of 

lattice parameters than that of NPD method, the lattice parameter obtained from XRD 

analysis were used in the refinement of NPD data. The X-ray diffraction patterns of all ZrCo1-

xNix deuterides are shown in Figure 3.11. The XRD analysis revealed formation of single 

orthorhombic phase (space group Cmcm) similar to ZrCoD3 for all ZrCo1-xNix deuterides. 

The lattice parameters and unit cell volumes of ZrCo1-xNix deuterides were calculated by 

Rietveld refinement of XRD data and are listed in Table 3.12. A typical Rietveld refinement 

pattern of ZrCo0.9Ni0.1D3 is shown in Figure 3.40. It is evident from Table 3.12 that parameter 

a decreases while b, c and unit cell volume increases with increase in Ni content. 
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Rietveld refinement of neutron diffraction data was carried out by varying the background, 

occupancies and position of atoms. The refinement results are listed in Table 3.13. A typical 

neutron diffraction pattern of ZrCo0.8Ni0.2D3 is shown in Figure 3.41. 

 

 

Figure 3.40: Rietveld refinement of X-ray diffraction pattern of ZrCo0.9Ni0.1D3. 
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Figure 3.41: Rietveld refinement of neutron diffraction pattern of ZrCo0.8Ni0.2D3. 

 

Table 3.12: Lattice parameter and unit cell volumes of ZrCo1-xNix deuterides from 

Rietveld refinement of XRD data. 

System 

 

Lattice Parameters Volume [Å
3
] 

a [Å] b [Å] c [Å]  

x = 0 3.5230 ± 0.0004 10.4491 ± 0.0011 4.3276 ± 0.0005 159.31 ± 0.03 

x = 0.1 3.5217 ± 0.0004 10.4561 ± 0.0012 4.3280 ± 0.0005 159.37 ± 0.03 

x = 0.2 3.5211 ± 0.0003 10.4679 ± 0.0010 4.3288 ± 0.0004 159.55 ± 0.02 

x = 0.3 3.5164 ± 0.0004 10.4877 ± 0.0011 4.3293 ± 0.0005 159.66 ± 0.03 
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Table 3.13: Rietveld refinement results of neutron diffraction data for ZrCo1-xNix 

deuterides. 

 

The deuterium atoms were allowed to occupy 8f2 and 8e sites in addition to the earlier 

reported [107], 4c2 and 8f1 sites. A significant reduction in χ
2
 was observed with addition of 

these extra sites for deuterium occupation. It was observed that among 8f2 and 8e sites, the 

deuterium occupies only 8e sites. This observation is in agreement with the Switendick 

criterion [111], which also prohibits the simultaneous occupation of both 8f2 and 8e sites as 

the H-H distance between these two sites is too small (~1.3Å). It can be seen from Table 3.13 

that for ZrCoD3 the occupancy of 8e site is ~3.8% which is in accord with the prediction of 

Bekris et al. [64]. The crystal structure of ZrCoD3 with new deuterium site (8e) is shown in 

Figure 3.42. Variation of occupancy of new 8e site and Zr-D distance with Ni content in 

Parameters x in ZrCo1-xNix deuterides 

0.0 0.1 0.2 0.3 

D1 (4c2) (0 y 1/4) y 0.9269(39) 0.9300(5) 0.9282(3) 0.9291(3) 

Occupancy (%) 29.3 30.8 30.1 31.1 

D2 (8f1) (0 y z)  y 0.3119(2)  0.3125(3) 0.3122(2) 0.3119(2) 

z 0.5047(6) 0.5047(7) 0.5062(4) 0.5053(4) 

Occupancy (%) 66.9 66.4 67.2 66.4 

D3 (8e) (x 0 0) x 0.2219(81) 0.2243(139) 0.2549(88) 0.2637(95) 

Occupancy (%) 3.8 2.8 2.7 2.5 

Zr-D distance ( Å) 1.937(12) 1.940(20) 1.994(14) 2.022(15) 

Rp (%) 3.29 6.70 1.81 2.13 

Rwp (%) 4.15 9.86 2.36 2.89 

Rexp (%) 3.61 2.46 1.32 1.40 



110 

 

ZrCo1-xNixD3 are also shown in Figure 3.43. It is evident from Figure 3.43 that the occupancy 

of new 8e site decreases with increase in Ni content, from ~3.8 % for ZrCoD3 to ~2.5% for 

ZrCo0.7Ni0.3D3. Figure 3.43 also reveals that the Zr-D distance increases from 1.937 Å in 

ZrCoD3 to 2.022 Å in ZrCo0.7Ni0.3D3. Since the Zr-D distance in 8e sites for ZrCoD3 is 

smaller than  Zr-D distance in ZrD2, the deuterium of 8e site is not released upon desorption 

and forms a stable ZrD2 phase and therefore results partial disproportionation of material 

according to reaction in Eq. 1.24. Since, the occupancy of 8e site decreases and also the Zr-D 

distance for the same increases, it is desirable that the durability of ZrCo1-xNixD3 against 

hydrogen induced disproportionation should increase with increase in Ni content and it has 

been verified  by results of cyclic absorption-desorption experiments on ZrCo1-xNix-H2 

systems reported in Section-3.2.3. 

 

Figure 3.42: The crystal structure of ZrCoD3. 
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Figure 3.43: Variation of occupancy of new 8e site and Zr-D distance with Ni content in 

ZrCo1-xNixD3. 

 

3.5.2 Neutron diffraction studies on ZrCo0.9Fe0.1 deuteride 

The neutron diffraction pattern (NPD) of ZrCo0.9Fe0.1D3 is shown in Figure 3.44. Rietveld 

refinement of neutron diffraction data was carried out by varying the background, 

occupancies and position of atoms. The Rietveld refinement results of XRD and NPD data 

are listed in Table 3.14 and Table 3.15, respectively. The detailed structural information of 

ZrCoD3 is discussed in Section-3.5.1, where it has been found that in ZrCoD3 the deuterium 

occupies a new site 8e in addition to 4c2 and 8f1. For refinement of deuterium site 

occupancies in ZrCo0.9Fe0.1D3, the deuterium atoms were allowed to occupy 8f2 and 8e sites 

in addition to the earlier reported [107], 4c2 and 8f1 sites. A significant reduction in χ
2
 was 

observed with addition of these extra sites for deuterium occupation. Similar to ZrCoD3, it 
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was also observed in ZrCo0.9Fe0.1D3 that deuterium occupies only 8e sites between the 8f2 and 

8e sites. 

The ZrH2 and ZrCo2 phases are thermodynamically more stable compared to ZrCoH3 and 

ZrCo, due to which desorption of ZrCoH3 leads to disproportionation of material according to 

reaction (1) [61, 62]. The crystal structure of ZrCo is cubic and that of ZrCoH3 is 

orthorhombic, due to which considerable changes in the crystallographic position of the 

atoms occurs during hydrogen absorption-desorption cycles. Therefore, the knowledge of 

hydrogen/deuterium occupancies in different crystallographic sites plays an important role in 

understanding the disproportionation behavior. In Section-3.5.1, it has been reported that in 

ZrCoD3 ~ 3.8% of deuterium goes to a new site 8e. Since the Zr-D distance (1.937 Å) in 8e 

sites for ZrCoD3 is smaller than  Zr-D distance in ZrD2, during the desorption there is a 

probability that the deuterium of 8e site does not get released and forms a stable ZrD2 phase 

thus leading to the disproportionation of the material. Hence, the occupancy of this particular 

site '8e' will directly affect the extent of disproportionation of material. It is evident from 

Table 3.15 that, in case of ZrCo0.9Fe0.1D3 the occupancy of new site 8e is found to be 1.8% 

which is lower than the value for ZrCoD3. In addition, the Zr-D distance in 8e site for 

ZrCo0.9Fe0.1D3 is 2.201 Å which is higher than the value for ZrCoD3. The crystal structure of 

ZrCo0.9Fe0.1D3 with new deuterium site (8e) is shown in Figure 3.45. Based on this decreased 

occupancy of 8e site, which is responsible for hydrogen induced disproportionation, and 

increased Zr-D distance it can be proposed that the durability of ZrCo0.9Fe0.1D3 against 

disproportionation should be higher than that for ZrCoD3. This observation is also supported 

by cyclic absorption-desorption experiments on ZrCo0.9Fe0.1-H2 systems, discussed in 

Section-3.3.3. 
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Figure 3.44: Neutron diffraction pattern of ZrCo0.9Fe0.1D3 with Rietveld refinement. 

 

Figure 3.45: Crystal structure of ZrCo0.9Fe0.1D3. 
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Table 3.14: Lattice parameters and unit cell volume of ZrCo and ZrCo0.9Fe0.1 deuteride.  

Compound Lattice parameter (Å) Unit cell volume 

(Å
3
) a b c 

ZrCoD3  3.5230(4)  10.4491(11) 4.3276(5) 159.31(3) 

ZrCo0.9Fe0.1D3 3.5228(3) 10.4414(10) 4.3274(5) 159.18(3) 

 

 

Table 3.15: Rietveld refinement results of neutron diffraction data for ZrCo1-xFex 

deuterides. 

 

 

Parameters x in ZrCo1-xFex deuterides 

0.0 0.1 

D1 (4c2) (0 y 1/4) y 0.9269 ± 0.0039 0.9279 ± 0.0003 

Occupancy (%) 29.3 29.9 

D2 (8f1) (0 y z)  y 0.3119 ± 0.0002  0.3119 ± 0.0002 

z 0.5047 ± 0.0006 0.5041 ± 0.0005 

Occupancy (%) 66.9 68.3 

D3 (8e) (x 0 0) x 0.2219 ± 0.0081 0.3725 ± 0.0139 

Occupancy (%) 3.8 1.8 

Zr-D distance ( Å) 1.937 ± 0.012 2.201 ± 0.030 

Rp (%) 3.29 1.93 

Rwp (%) 4.15 2.45 

Rexp (%) 3.61 1.81 
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3.5.3 Neutron diffraction studies on Zr1-xTixCo deuterides 

NPD measurements were carried out on Zr1-xTixCo deuterides  and a schematic neutron 

diffraction pattern (NPD) of Zr0.8Ti0.2CoD3 is shown in Figure 3.46. Rietveld refinement of 

neutron diffraction data was carried out by varying the background, occupancies and position 

of atoms. The Rietveld refinement results of XRD and NPD data are listed in Table 3.16 and 

Table 3.17, respectively. It is evident from Table 3.16 that all lattice parameters a, b, c and 

unit cell volume is decreases with increase in Ti content. The detailed structural information 

of ZrCoD3 is discussed in Section-3.5.1, where it has been found that in ZrCoD3 the 

deuterium occupies a new site 8e in addition to 4c2 and 8f1.  

 

Figure 3.46: Neutron diffraction pattern of Zr0.8Ti0.2CoD3 with Rietveld refinement. 
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Table 3.16: Lattice parameter and unit cell volumes of Zr1-xTixCo deuterides from 

Rietveld refinement of XRD data. 

System 

 

Lattice Parameters Volume [Å
3
] 

a [Å] b [Å] c [Å]  

x = 0 3.5230(4) 10.4491(11) 4.3276(5) 159.31(3) 

x = 0.1 3.5041(3) 10.4120(9) 4.3160(4) 157.47(2) 

x = 0.2 3.4852(3) 10.3773(11) 4.3018(5) 155.58(3) 

x = 0.3 3.4616(3) 10.3362(11) 4.2863(5) 153.36(3) 

 

Table 3.17: Rietveld refinement results of neutron diffraction data for Zr1-xTixCo 

deuterides. 

Parameters x in  Zr1-xTixCo deuterides 

0.0 0.1 0.2 0.3 

D1 (4c2) (0 y 1/4) y 0.9269(39) 0.9289(4) 0.9273(4) 0.9270(4) 

Occupancy (%) 29.3 29.7 29.9 30.0 

D2 (8f1) (0 y z)  y 0.3119(2)  0.3124(3) 0.3117(3) 0.3110(3) 

z 0.5047(6) 0.5046(7) 0.5059(7) 0.5059(8) 

Occupancy (%) 66.9 68.4 68.4 68.0 

D3 (8e) (x 0 0) x 0.2219(81) 0.4135(204) 0.2872(197) 0.2846(178) 

Occupancy (%) 3.8 1.8 1.7 2.0 

Zr-D distance ( Å) 1.937(12) 2.280(40) 2.030(30) 2.020(30) 

Rp (%) 3.29 4.46 3.76 2.13 

Rwp (%) 4.15 5.57 4.78 2.89 

Rexp (%) 3.61 3.14 2.92 1.40 
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During the refinement of NPD data of Zr1-xTixCo deuterides, the deuterium atoms were 

allowed to occupy 8f2 and 8e sites in addition to the earlier reported [107], 4c2 and 8f1 sites. A 

significant reduction in χ
2
 was observed with addition of these extra sites for deuterium 

occupation. Alike other Ni or Fe substituted Zr-Co-M deuterides, for Zr1-xTixCo deuterides 

also it was observed that among 8f2 and 8e sites the deuterium occupies only 8e sites. This 

phenomenon is in accordance with the Switendick criterion [111], which also prohibits the 

simultaneous occupation of both 8f2 and 8e sites as the H-H distance between these two sites 

is too small (~1.3Å). Variation of 8e site occupancy and its Zr-D distance with Ti content in 

Zr1-xTixCoD3 is shown in Figure 3.48. As is evident from Table 3.13, the  occupancy of 8e 

site in ZrCoD3 is ~3.8% which is in accord with the prediction of Bekris et al. [64]. Since, the 

Zr-D distance (1.937 Å) in 8e site for ZrCoD3 is smaller than  Zr-D distance in ZrD2, the 

deuterium of 8e site does not get released upon desorption and forms a stable ZrD2 phase thus 

leading to the partial disproportionation of the material. It is evident from Figure 3.48 that, Ti 

substitution for Zr (x=0.1) significantly decreases the occupancy of 8e site and also increases 

the Zr-D distance for this site. Further decrease in Zr-D distance with increase in Ti content 

can be attributed to the lattice contraction upon substitution of Zr with Ti, which is smaller in 

size. Occupancy of 8e site with Ti content was found to remain constant within the error 

limits. The lowest occupancy of 8e site was found to be 1.7% for Zr0.8Ti0.2CoD3. The crystal 

structure of Zr0.8Ti0.2CoD3 with new deuterium site (8e) is shown in Figure 3.47. Based on 

this decreased occupancy of 8e site, which is responsible for hydrogen induced 

disproportionation, and increased Zr-D distance it can be proposed that the durability of Zr1-

xTixCoD3 against disproportionation should be higher than that  for ZrCoD3. 
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Figure 3.47: Crystal structure of Zr0.8Ti0.2CoD3. 

 

Figure 3.48: Variation of occupancy of new 8e site and Zr-D distance with Ti content in 

Zr1-xTixCoD3.  
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3.6 Isothermal disproportionation behavior of Zr-Co-M ternary alloys 

Isothermal disproportionation studies were carried out on all Zr-Co-M ternary alloys, to 

compare thier hydrogen induced disproportionation nature and to find the most suitable 

ternary alloy having high durability against disproportionation. In this context, the isothermal 

disproportionation behavior of hydrides of these alloys were investigated at 750 K, the 

maximum possible desorption temperature, under delivery conditions, i.e. hydrogen over 

pressure around  ≥1 bar. For this purpose, the hydride phase was heated to 750 K and the over 

pressure of hydrogen in the system was selected accordingly to get the hydrogen pressure 

above 1 bar. Thereafter, the system under this condition was kept isothermal at 750 K for 10 

hours and then cooled to room temperature. The change of system pressure is monitored with 

time and temperature and shown in Figure 3.50. 

 

Figure 3.49: Change in pressure with time for Zr-Co-M-H2 systems at 750 K. 



120 

 

It is evident from Figure 3.50 that the system pressure initially increases rapidly with increase 

in temperature which is due to desorption of hydrogen from the Zr-Co-M hydride phase. In 

isothermal condition at 750 K, the behavior of pressure change with time is different for 

different ternary alloys. 

For ZrCo-H2 system, after attaining the final temperature of 750 K the system pressure 

remains constant for around 25 minutes and then decreases gradually till an equilibrium is 

reached. The existence of induction period in the disproportionation of ZrCo-H2 system is in 

consistent with the reported literature [65, 105]. The reduction of system pressure can be 

attributed to the disproportionation of ZrCoH3 to thermodynamically more stable ZrH2 and 

ZrCo2 phases [114, 115] according to following reaction; 

2ZrCoHx  →  ZrH2 + ZrCo2 + (x-1)H2      (3.25) 

It is important to note that at 750 K, the plateau equilibrium pressure of hydrogen over ZrH2 

is very less (~100 Pa) [33], hence the pressure in the system is due to the presence of extra 

hydrogen. 

In order to see the phase changes during the course of isothermal conditions, the Zr-Co-M 

hydrides before and after disproportionation studies were characterized by XRD. Figure 3.50 

shows the XRD patterns before isothermal studies, which indicates the formation of single 

orthorhombic phase, similar to that of ZrCoH3 for all Zr-Co-M hydrides. XRD patterns of all 

Zr-Co-M-H2 systems after disproportionation studies is shown in Figure 3.51. 
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Figure 3.50: XRD patterns of Zr-Co-M hydrides before disproportionation studies. 

 

It is evident from Figure 3.51 that ZrCoH3 is completely converted into the more stable 

phases ZrH2 and ZrCo2 formed according to the above mentioned disproportionation reaction, 

Eq. 3.25, which is in line with the observations reported in literature [62, 65, 105, 108, 116, 

117].  

Figure 3.50 reveals that, for ZrCo1-xNix-H2 systems the disproportionation reaction is very 

fast without any induction period. Similar behavior is observed for ZrCo0.9Fe0.1-H2, however 

disproportionation has some induction period of around 25 minutes, same as ZrCo-H2 system. 

XRD of both ZrCo1-xNix-H2 and ZrCo0.9Fe0.1-H2 systems after disproportionation 

experiments, Figure 3.51, indicates the peaks corresponding to ZrH2 and ZrCo2 phases, 

thereby resulting the complete disproportionation of these ternary alloys. 
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Figure 3.51: XRD patterns of Zr-Co-M hydrides after disproportionation studies. 

 

Hence, ternary alloying of ZrCo with both Ni and Fe catalyse the disproportionation reaction. 

However, the disproportion rate has been found to be lower for Fe substituted alloy than that 

of Ni substituted alloys. Similar behavior of hydrogen induced disproportionnation is 

reported by Zhang et al. [105] for ZrCo0.8Ni0.2 alloy. 

For Zr1-xTixCo-H2 systems, it can be seen from Figure 3.50 that system hydrogen pressure 

remains almost constant during the course of isothermal condition. A magnification view of 

pressure vs. time plot for Zr1-xTixCo-H2 systems is shown in Figure 3.52.  
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Figure 3.52: Change in pressure with time for Zr1-xTixCo-H2 systems at 750 K. 

 

Important observation from Figure 3.52 is that for Zr1-xTixCo-H2 systems the drop in pressure 

is very low, ~ 2 kPa in 10 hours. Among all Zr1-xTixCo-H2 systems, the highest rate of 

pressure drop is found to be for x=0.1 and the lowest is for x=0.2. These observations are in 

consistent with the occupancies of 8e site and its Zr-H distances, discussed in Section-3.5.3. 

Figure 3.51 also confirm the presence of phase similar to ZrCoH3 for all Ti substituted ZrCo 

hydrides. Based on these observations, it can be proposed that among all Zr-Co-M ternary 

alloys the Zr0.8Ti0.2Co alloy has highest durability against hydrogen induced 

disproportionation and hence it has a potential to substitute the highly pyrophoric and 

radioactive material uranium being used in tritium handling facilities. 



 

 

 

 

 

 

 

CHAPTER 4  

SUMMARY AND CONCLUSION 
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4 Summary and Conclusion 

In the present thesis, a systematic approach has been applied to investigate the effect of 

ternary alloying on the hydrogen isotope storage properties of ZrCo alloy. Ternary alloys Zr1-

xTixCo and ZrCo1-xMx (M= Ni and Fe) were prepared and characterized by different 

techniques like XRD, SEM, EDS and Elemental mapping. The hydrogen isotope storage 

behavior of Zr-Co-M ternary alloys were investigated by generating the hydrogen/deuterium 

desorption Pressure-Composition Isotherms (PCIs) by employing Sieverts' type volumetric 

apparatus. The thermodynamic parameters of the hydrogenation reactions and their 

corresponding isotopic effects were evaluated. Thermodynamic functions for desorption of 

hydrogen/deuterium in Zr-Co-M -H2/D2 systems are summarised in Table 4.1. Hydrogen 

induced disproportionation behavior of Zr-Co-M ternary alloys were investigated by 

hydrogen absorption-desorption cyclic life and isothermal studies. The phenomenon of 

hydrogen induced disproportionation in different Zr-Co-M ternary alloys was investigated by 

employing neutron powder diffraction (NPD) as the structural elucidation technique. Rietveld 

refinement results of NPD data of all Zr-Co-M deuterides are summarized in Table 4.2. 
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Table 4.1: Thermodynamic functions for desorption of hydrogen/deuterium in Zr-Co-M 

-H2/D2 systems. 

System rH
o
 

(kJ/mole H2) 

rS
o
 

(J/(mole H2K)) 

Tdes 

(K)  

 ZrCo  Hydride 83.7 ± 3.9 122.2 ± 3.9 683 

Deuteride 84.3 ± 0.6 124.5 ± 1.1 677 

ZrCo0.9Ni0.1  Hydride 95.4 ± 0.9 144.1 ± 0.8 664 

Deuteride 95.5 ± 0.4 145.5 ± 1.2 656 

ZrCo0.8Ni0.2  Hydride 93.4 ± 3.3 143.9 ± 3.4 650 

Deuteride 94.4 ± 1.3 145.5 ± 1.2 645 

ZrCo0.7Ni0.3  Hydride 92.6 ± 2.3 143.9 ± 2.5 644 

Deuteride 92.9 ± 1.6 145.5 ± 2.3 638 

ZrCo0.9Fe0.1  Hydride 69.2 ± 1.5  95.7 ± 1.0  723 

Deuteride 69.6 ± 1.2 97.7 ± 1.0 712 

Zr0.9Ti0.1Co  Hydride 66.5 ± 0.3 97.7 ± 0.2 681 

Deuteride 71.9 ± 1.9 109.1 ± 1.8 658 

Zr0.8Ti0.2Co Hydride 63.7 ± 0.2 101.5 ± 0.2 628 

Deuteride 67.6 ± 0.3 109.1 ± 0.3 620 

Zr0.7Ti0.3Co Hydride 57.7 ± 2.0 101.5 ± 1.9 568 

Deuteride 59.3 ± 2.5 105.3 ± 2.4 563 
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Table 4.2: Rietveld refinement results of neutron diffraction data for Zr-Co-M deuterides 

 

Parameters ZrCo x in ZrCo1-xNix deuterides ZrCo0.9Fe0.1 x in  Zr1-xTixCo deuterides 

 0.1 0.2 0.3  0.1 0.2 0.3 

D1 (4c2) (0 y 1/4) y 0.9269(39) 0.9300(5) 0.9282(3) 0.9291(3) 0.9279(3) 0.9289(4) 0.9273(4) 0.9270(4) 

Occupancy (%)  29.3 30.8 30.1 31.1 29.9 29.7 29.9 30.0 

D2 (8f1) (0 y z)  y 0.3119(2)  0.3125(3) 0.3122(2) 0.3119(2) 0.3119(2) 0.3124(3) 0.3117(3) 0.3110(3) 

z 0.5047(6) 0.5047(7) 0.5062(4) 0.5053(4) 0.5041(5) 0.5046(7) 0.5059(7) 0.5059(8) 

Occupancy (%)  66.9 66.4 67.2 66.4 68.3 68.4 68.4 68.0 

D3 (8e) (x 0 0) x 0.2219(81) 0.2243(139) 0.2549(88) 0.2637(95) 0.3725(139) 0.4135(204) 0.2872(197) 0.2846(178) 

Occupancy (%)  3.8 2.8 2.7 2.5 1.8 1.8 1.7 2.0 

Zr-D distance ( Å)  1.937(12) 1.940(20) 1.994(14) 2.022(15) 2.201(30) 2.280(40) 2.030(30) 2.020(30) 

Rp (%)  3.29 6.70 1.81 2.13 1.93 4.46 3.76 2.13 

Rwp (%)  4.15 9.86 2.36 2.89 2.45 5.57 4.78 2.89 

Rexp (%)  3.61 2.46 1.32 1.40 1.81 3.14 2.92 1.40 
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Following conclusions are drawn from the present study: 

(i) The X-ray diffraction patterns of ZrCo1-xNix (x = 0.0, 0.1, 0.2 and 0.3), ZrCo0.9Fe0.1 and 

Zr1-xTixCo (x = 0.1, 0.2 and 0.3) alloys confirm the formation of b.c.c. phase similar to 

ZrCo for all the alloys. All the alloys show a small fraction of ZrCo2 as impurity phase.  

(ii) A single desorption plateau is observed for all the pressure-composition isotherms (PCIs). 

(iii) The hydrogen/deuterium desorption pressure-composition-temperature (PCT) studies 

revealed that the Tdes for release of 100 kPa of H2/D2 systematically decreases with 

increase in Ni or Ti content and increases when cobalt is substituted with Fe. The lowest 

desorption temperature is observed for Zr0.7Ti0.3Co alloy. The Tdes for deuterides were 

found to be lower than those of corresponding hydrides.  

(iv) The thermodynamic parameters for hydrogen/deuterium desorption reactions were 

systematically investigated. 

(v) The normal hydrogen isotope effect is observed for all ternary alloys which shows that the 

equilibrium pressure of deuterium is higher than that of hydrogen at all experimental 

temperatures. This study revealed that equilibrium pressure of tritium at a particular 

temperature will be higher than that of deuterium and hydrogen for all ternary alloys. 

(vi) Structural studies by neutron powder diffraction reveal that in Zr-Co-M deuterides, 

deuterium occupies a new site 8e in addition to the earlier reported 4c2 and 8f1 sites. 

Occupancy of 8e site is found to be responsible for hydrogen induced disproportionation. 

Among all Zr-Co-M deuteride studied, Zr0.8Ti0.2Co showed the lowest occupancy of 8e 

site. 

(vii) Isothermal disproportionation studies on these systems revealed that the Zr0.8Ti0.2Co alloy 

has the highest durability against hydrogen induced disproportionation, which is in 

accordance with the neutron diffraction results.  
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(viii) Considering the PCT studies, hydrogen induced disproportionation studies and structural 

studies, it is proposed that among the alloys studied, the Zr0.8Ti0.2Co alloy is the most 

suitable non-pyrophoric and non-radioactive ternary alloy as a substitute for the 

conventionally used highly pyrophoric uranium bed for tritium storage applications. This 

alloy has potential for its use in tritium handling facilities for storage supply and recovery 

of hydrogen isotopes. 

(ix) The measurements of thermodynamic parameters like rH
o 

and
 
rS

o
 of de-

hydrogenation/de-deuteration of certain alloy has yielded the trend and magnitude of 

hydrogen isotope effect. However, due to experimental constraints such data could not be 

generated using tritium gas, in the present study. Considering the trend and magnitude of 

hydrogen isotope effect the tritium storage properties like equilibrium pressure, desorption 

temperature etc. for the concerned material can be predicted qualitatively. As it is known, 

the trends in thermodynamic properties are governed by the difference in zero point 

energies for hydrides, deuterides and tritides as well as the difference in absolute entropies 

of H2, D2 and T2. Hence, by calculating the enthalpies of formation of hydrides, deuterides 

and tritides and correlating them with the difference in their respective zero point energies, 

it is viable to calculate the thermodynamic properties of tritides by extrapolating the data 

of hydrides and deuterides. 
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